Pulsed electromagnetic gas acceleration Semiannual progress report, 1 Jul. - 31 Dec. 1967 by Jahn, R. G. & Von Jaskowsky, W. F.
w 
i 
$ 1  
i 
I 
8 %  
i 
Research Grant NsG-306-63 
Nat ional  Aeronautics 
and Space Adminis t ra t ion 
PULSED ELECTROMAGNETIC GAS ACCELERATION 
Eleventh Semi-Annual Progress Report 
1 J u l y  1967 t o  31 December 1967 
Report 634 j 
Prepared by: 
- ~ Robertj/G. Jahn 
Prof es's o r  and 
Research Leader 
and : 
and Lecturer  
Reproduction, t r a n s l a t i o n ,  pub l i ca t ion ,  u s e  and d i s p o s a l  i n  
whole or i n  p a r t  by o r  f o r  t h e  United States Government is 
permitted.  
January 1, 1968 
Guggenheim Labora tor ies  f o r  t h e  Aerospace Propulsion Sciences 
Department of Aerospace and Mechanical Sciences 
Pr inceton Univers i ty  
Pr inceton,  New J e r s e y  
https://ntrs.nasa.gov/search.jsp?R=19680009461 2020-03-12T09:36:12+00:00Z
Abstract  
The previous ly  repor ted  phenomenon of c u r r e n t  shee t  
t r a n s i t i o n  from a propagating "sweeping" mode t o  a quasi- 
s teady  "blowing" mode has  been s tud ied  i n  d e t a i l  i n  a par- 
a l l e l  p l a t e  a c c e l e r a t o r  with p a r t i a l l y  in su la t ed  electrodes, 
and i n  a c o a x i a l  MPD arc conf igura t ion .  I n  t h e  p a r a l l e l  
p l a t e  device,  a r e l a t e d  sequence of  magnetic and electric 
probe surveys,  Kerr-cell photographs, inner  and o u t e r  vo l t -  
age s igna tu res  concur on a model of t h e  t r a n s i t i o n  process  
which invokes incompletely acce le ra t ed  gas  passed over  by 
t h e  propagating sheet as a s t a r t i n g  inflow f o r  t h e  l a t e r ,  
s teady  a c c e l e r a t i o n  phase. The c h a r a c t e r i s t i c  t i m e  f o r  
a t ta inment  of s teady  gasdynamic flow through the  arc from 
an e x t e r n a l  r e s e r v o i r  considerably exceeds t h a t  f o r  stabi- 
l i z a t i o n  of t h e  d ischarge  c u r r e n t  p a t t e r n ,  thus  r equ i r ing  
longer d r i v i n g  c u r r e n t  waveforms and m o r e  s o p h i s t i c a t e d  gas 
i n j e c t i o n  procedures t o  achieve complete s imula t ion  of  a 
s teady  flow acce le ra to r .  I n  t h e  MPD s imulator ,  t h i s  i s  
achieved by a modif icat ion of  the  capac i to r  pu l se  l i n e  t o  
provide longer du ra t ion ,  l o w e r  amplitude d r i v i n g  pu l ses ,  and 
by a coax ia l ,  shock tube  gas  i n j e c t i o n  system appropr i a t e ly  
synchronized wi th  t h e  the  e l e c t r i c a l  p u l s e .  Ear ly  r e s u l t s  
of t h i s  experiment i n d i c a t e  t h a t  such  complete s t a b i l i z a t i o n  
can e s s e n t i a l l y  be achieved, including p r o l i f i c  thermionic 
emission from t h e  cathode on t h e  a v a i l a b l e  t i m e  s c a l e .  Ex- 
'perimental  maps of c u r r e n t  d i s t r i b u t i o n  throughout the  d i s -  
charge i n d i c a t e  t h a t  under the  condi t ions  s tud ied ,  s o m e  
one-third of the  a r c  cu r ren t  f l o w s  i n  the  e x t e r i o r  plume 
and a t t a c h e s  f a r  out  on the anode surface.  
1 
The program t o  optimize energy t r a n s f e r  f r o m  a pu l se  
l i n e  t o  an a c c e l e r a t i n g  c u r r e n t  shee t  has  revealed t h e  a n t i c -  
ipa ted  s t rong ,  nonl inear  i n t e r a c t i o n  between t h e  dynamics of  
t h e  c i r c u i t  and t h a t  of t h e  plasma. As t h e  impedance of t h e  
ii 
d r i v i n g  l i n e  i s  brought down toward t h a t  of t h e  a c c e l e r a t i n g  
plasma, t h e  c u r r e n t  w a v e f o r m  is observed t o  d is tor t  consid- 
e rab ly ,  and t h e  r e l a t i v e  du ra t ion  of p u l s e  l eng th  t o  plasma 
propagat ion t i m e  also becomes important t o  opt imiza t ion  of 
energy t r a n s f e r ,  i n  a d d i t i o n  t o  the impedance ratio. 
High-speed p res su re  t ransducer  s t u d i e s ,  supplemented 
One 
by photographic and i n t e r f e r o m e t r i c  techniques cont inue  t o  
r e v e a l  i n t e r e s t i n g  aspects of c u r r e n t  shee t  s t r u c t u r e .  
p a r t i c u l a r l y  i n t e r e s t i n g  f e a t u r e  is t h e  o r i g i n  and growth 
of the p e c u l i a r  "anode-foot" i n t e r a c t i o n  which may have some 
relevance t o  t h e  troublesome anode loss mechanism i n  MPD 
arcs. 
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I. INTRODUCTION 
Over t h e  p a s t  s e v e r a l  months, t h e  major emphasis of  
t h e  l abora to ry  program has continued t o  s h i f t  from t h e  
s impler  closed-chamber s t u d i e s  which cha rac t e r i zed  t h e  e a r l y  
e f f o r t s ,  toward m o r e  s o p h i s t i c a t e d  experiments on more elab- 
o r a t e  apparatus  capable of long-pulse and/or plasma e j e c t i o n  
operat ion.  P a r t i a l l y  t h i s  i s  a t t r i b u t a b l e  t o  a maturing of 
understanding of the  more elementary phenomena, b u t  more 
e s s e n t i a l l y  t o  t h e  o v e r a l l  p r e d i s p o s i t i o n  of  t h e  work t o  u l -  
t i m a t e  propuls ion app l i ca t ion .  While some closed-chamber 
s t u d i e s  remain, t h e s e  l a r g e l y  a r e  reserved f o r  development 
of new d i agnos t i c  techniques,  o r  f o r  pre l iminary  examination 
of new concepts i n  t h e  plasma a c c e l e r a t i o n  processes .  The 
m o r e  ex tens ive  e f f o r t s  are now focused on programs such a s  
MPD s imulat ion,  cu r ren t  shee t  s t a b i l i z a t i o n ,  and opt imiza t ion  
of energy t r a n s f e r  from power source t o  a c c e l e r a t i n g  plasma 
which bear more d i r e c t l y  on t h e  u l t i m a t e  engineer ing real- 
i t i e s  of plasma propuls ion.  
I 
The composition of t h i s  s t a t u s  r epor t  r e f l e c t s  t h i s  
t r end  i n  t h e  l abora to ry  program. The t h r e e  major t o p i c s  
j u s t  mentioned a r e  d iscussed  f i r s t ,  each i n  some d e t a i l .  
These a r e  followed by a review of  t h e  high-speed pressure  
probe s t u d i e s  which are near ing completion, and by a d i s -  
cussion of t h e  l a t e s t  "anode-foot" r e s u l t s  which s e e m  t o  
have considerable  impl ica t ion  f o r  both pulsed and s teady  
t h r u s t e r  performance. More pre l iminary  r e s u l t s  of a gas  
l a s e r  in te r fe rometer  technique f o r  e l e c t r o n  d e n s i t y  measure- 
ments, and of  an experiment t o  map cur ren t -vol tage  charac- 
ter is t ics  o f  very high cu r ren t  a r c s  are included b r i e f l y  
t o  provide s o m e  f l a v o r  of t h e  o v e r a l l  program. 
Two s p e c i a l  i t e m s  a r e  included i n  t h e  Appendices. 
F i r s t ,  t h i s  l abo ra to ry  w a s  honored l a s t  f a l l  by t h e  award 
t o  one of  i t s  undergraduates, M r .  Peter J. Turchi,  of t h e  
Nat ional  A I A A  Student  Research Pr ize ,  a t  t h e  Annual Meeting 
of t h e  I n s t i t u t e  i n  Anaheim. The tex t  of h i s  winning paper,  
soon t o  be published i n  t h e  AIAA Student Journa l ,  is in- 
cluded i n t a c t  i n  Appendix I. 
During t h e  p a s t  summer, t h i s  same s tudent  conducted 
a detailed b ib l iographica lsurvey  of d i a g n o s t i c  techniques 
appropr i a t e  t o  pulsed plasma acce le ra t ion .  The r e s u l t i n g  
series of a b s t r a c t s  and commentaries has  proven u s e f u l  i n  
t h e  indoc t r ina t ion  of new s tuden t s  i n t o  t h e  l abora to ry  pro- 
gram here,  and i s  a v a i l a b l e  i n  f u l l  t o  any m e m b e r  of the 
d i s t r i b u t i o n  l i s t  who ca res  t o  reques t  it. The procedure 
and r e fe rences  followed a r e  ou t l ined  i n  Appendix 11. 
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11. TRANSITION FROM UNSTEADY TO STEADY PLASMA 
(Eckbreth) 
ACCELERATION I N  A RECTANGULAR C M E L  
The previous ly  repor ted  pre l iminary  observa t ions  0.f 
spontaneous t r a n s i t i o n  of  a propagating, gas-sweeping c u r -  
r e n t  shee t  t o  a s t a t i o n a r y ,  gas-pumping c u r r e n t  d i s t r i b u t i o n  
i n  a - p a r a l l e l  p l a t e  a c c e l e r a t o r ,  (48849) have been v e r i f i e d  
i n  a more p r e c i s e  and d e t a i l e d  series of experiments. The 
p a r a l l e l  p l a t e  device,  shown i n  Fig. 1 and descr ibed i n  
d e t a i l  i n  Ref. 48 has now been equipped with a p a i r  of 
aluminum e lec t rodes  permanently i n l a i d  with 1/4" t h i c k  nylon 
i n s u l a t i o n  over a l l  bu t  t h e  f i r s t  5-1/4" of t h e i r  length.  
The a c c e l e r a t i o n  channel formed by these  e l e c t r o d e s  thus  has 
a sharp conductor- insulator  d i s c o n t i n u i t y  about 2 .6  channel 
he igh t s  downstream of t h e  discharge i n i t i a t i o n  p o s i t i o n ,  
which serves  t o  a r r e s t  t h e  propagation of t h e  c u r r e n t  shee t  
along t h e  e l e c t r o d e s ,  and thereby even tua l ly  t o  s t a b i l i z e  
t h e  e n t i r e  discharge conduction p a t t e r n .  
I 
The a c c e l e r a t o r  now i s  a l s o  equipped with a v a r i e t y  
of probe access  glands and i n t e r i o r  supports  which permit 
d e t a i l e d  e lectr ic ,  magnetic, and gasdynamic probing of t h e  
e n t i r e  discharge p a t t e r n .  Also, a shock tube  gas  i n j e c t i o n  
system, shown i n  Fig. 2,  has been added a s  a means t o  pro- 
vide mass flow t o  t h e  s t a b i l i z i n g  cu r ren t  p a t t e r n ,  o r  t o  
s tudy t h e  e f f e c t  of ambient pressure  g rad ien t s  on t h e  s t a b i -  
l i z a t i o n  process.  The shock tube c o n s i s t s  of  a 3 "  diameter x 
6" long d r i v e r  s e c t i o n  with a diaphragm plunger,  connected t o  
a 1 2 "  P l ex ig l a s  d r iven  s e c t i o n  through a l a r g e  b a l l  valve. 
The end w a l l  of t h e  dr iven  s e c t i o n  feeds 5 t u b e s ,  4 of which 
connect v i a  holes  i n  t h e  backstrap t o  o r i f i c e s  i n  t h e  r e a r  
w a l l  of t h e  a c c e l e r a t o r  channel, and 1 of which supp l i e s  a 
gas t r i g g e r  pu lse  t o  t h e  switch. 
Using t h e  above equipment, t h e  t r a n s i t i o n  from a 
4 
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sweeping c u r r e n t  shee t  t o  a s t a b i l i z e d  c u r r e n t  d i s t r i b u t i o n  
has  been examined wi th  a v a r i e t y  of  d i agnos t i c s ,  inc luding  
magnetic probes,  vo l tage  probes,  electric f i e l d  probes,  and 
Kerr c e l l  photography of t h e  d ischarge  p a t t e r n s  and of t h e  
plasma flow over miniature  wedges. The cu r ren t  pu l se  used 
i n  a l l  o f  t h e s e  s t u d i e s  (except where otherwise noted) is  
rectangular i n  form, 120,000 amperes i n  magnitude wi th  a 
20 psec dura t ion .  I n  t h e  r e s u l t s  t o  be d isp layed ,  t h e  r e f -  
erence system employs x a s , t h e  a x i a l  coord ina te ,  such t h a t  
t h e  m e t a l  t o  i n s u l a t i o n  junc t ion  is  a t  x = 0. x > O  runs 
downstream along t h e  i n s u l a t i o n  and x 4 0 runs upstream along 
t h e  m e t a l  e l e c t r o d e  t o  t h e  back wa l l  where t h e  d ischarge  
i n i t i a t e s .  Kerr c e l l  photographs of t h e  propagating c u r r e n t  
shee t  a r e  shown i n  Fig. 3 ,  while t h e  t r a n s i t i o n  from a propa- 
ga t ing  shee t  t o  a s t a b i l i z e d  d i s t r i b u t i o n  i s  shown i n  Fig. 4. 
Note t h a t  t h e  c u r r e n t  shee t  i n i t i a t e s  a t  t h e  back w a l l  
( x  = -5-1/4") and propagates down t h e  channel wi th  a s l i g h t  
forward tilt from cathode t o  anode, and wi th  an evergrowing 
"anode foot .  I' Upon reaching t h e  m e t a l  t o  i n s u l a t i o n  junc t ion ,  
t h e  bulk of t h e  luminosity p a t t e r n  cont inues t o  propagate 
i n t o  t h e  in su la t ed  channel,  unro l l ing ,  as it w e r e ,  t h e  s t a b i -  
l i z e d  p a t t e r n  of two broad, n e a r l y  a x i a l  and h igh ly  luminous 
bands emanating from t h e  e l e c t r o d e  d i s c o n t i n u i t y .  The v i s u a l  
s i m u l a r i t y  of t h e s e  bands t o  t h e  anode and cathode je t s  of  
t h e  MPD a r c  i s  one suggestion of v a l i d  s imula t ion  of s teady  
arc phenomena i n  t h i s  type of experiment, 
The development of t h e  corresponding p a t t e r n s  of d i s -  
charge cu r ren t  d i s t r i b u t i o n  is  presented i n  Figs.  Sa-5e i n  
t h e  form of enclosed cu r ren t  contours  a t  a succession of  t i m e s  
dur ing t h e  pulse .  Again we  see t h e  s l i g h t  tilt o f  t h e  propa- 
ga t ing  cu r ren t  shee t ,  i t s  broader anode attachment region, 
and i t s  abrupt ,  ba l loon- l ike  arrest  a t  t h e  e l e c t r o d e  discon- 
t i n u i t y .  
fashion with t h e  bulk of t h e  cu r ren t  conducted across t h e  mid- 
The s t a b i l i z e d  p a t t e r n  bows downstream i n  a h a i r p i n  
* 
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plane  i n  t h e  0 4 x e 6" region, i .e .  , wi th in  t h r e e  channel 
he igh t s  downstream of t h e  metal- to- insulat ion junct ion.  
Although t h e  c u r r e n t  has  ceased t o  propagate,  accel- 
e r a t i o n  o f  gas by t h e  s t a b i l i z e d  c u r r e n t  d i s t r i b u t i o n  appears  
t o  continue. The m o s t  v i v i d  demonstration of  t h i s  is  a photo- 
graphic  sequence of f l o w  p a t t e r n s  over s m a l l  15O h a l f  angle  
wedges set i n  t h r e e  planes--1/4 inch o f f  t h e  anode and cath- 
ode and i n  t h e  midplane--at var ious  a x i a l  p o s i t i o n s  along 
t h e  channel. For example, t h e  s t a t u s  of t h e  i n l e t  f l o w  t o  
t h e  s t a b i l i z e d  c u r r e n t  d i s t r i b u t i o n  can be observed by wedges 
upstream of  t h e  cu r ren t  s t a b i l i z a t i o n  reg ion;  such  a series 
of p i c t u r e s  taken  a t  10 ,  14, and 18 psec r e s p e c t i v e l y  is  
shown i n  Fig. 6 where t h e  wedge t i p s  are loca ted  a t  approxi- 
mately x = -1-3/8 inch. N o t e  t ha t  shocks are v i s i b l e  a t  each 
of t h e s e  t i m e s  i n d i c a t i n g  t h a t  t h e  inf low i s  supersonic  over  
t h e  s t a b i l i z e d  p o r t i o n  of  t h e  cu r ren t  pulse .  N o t e  a l s o ,  how- 
ever ,  t h a t  t h e  luminosi ty  of  these shocks decreases w i t h  
t i m e  suggest ing t h a t  the m a s s  flow i n t o  t h e  s t a b i l i z e d  c u r -  
r e n t  zone i s  decreasing.  
Figure 7 d i s p l a y s  the flow over t h e  wedges a t  
x = 4- 2-3/8", + 5-5/8", and + 8-3/8" f o r  a series of  t i m e s  ' 
during t h e  pulse .  Comparing these p o s i t i o n s  w i t h  t h e  p a t t e r n s  
of enclosed cu r ren t  shown earlier, one sees t h a t  they  corre- 
spond r e s p e c t i v e l y  t o  t h e  middle o f  t h e  s t a b i l i z e d  cu r ren t  
zone, t o  t h e  downstream f r i n g e  of  t h e  cu r ren t  zone, and t o  
a completely exterior p o s i t i o n .  A t  t h e  three t i m e s  shown, 
14, 16, and 18 psec,  it is apparent  tha t  the Mach number 
of t h e  f l o w  inc reases  downstream through t h e  s t a b i l i z e d  
cu r ren t  zone. A t  t h e  f i r s t  pos i t i on ,  t h e  shocks are some- 
what detached; a t  t h e  second, the shocks are a t tached;  and 
a t  t h e  t h i r d  t h e y  are ye t  more inc l ined  t o  t h e  flow. Fur- 
t h e r  i n t e r p r e t a t i o n  is somewhat ambiguous s i n c e  e i t h e r  a flow 
a c c e l e r a t i o n  or  a decrease i n  the local sound speed could 
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produce t h e  observed Mach number increase .  However, s i n c e  
t h e  e f f e c t  of j o u l e  hea t ing  i n  t h e  c u r r e n t  zone would tend 
t o  r a i s e ,  r a t h e r  than  t o  l o w e r  t h e  sound speed, and s i n c e  
t h e  s i m i l a r i t y  i n  probe responses a t  t h e  t h r e e  t r ansve r se  
p o s i t i o n s  speaks a g a i n s t  major t r a n s v e r s e  g r a d i e n t s  and 
excessive w a l l  cooling,. a v a l i d  flow a c c e l e r a t i o n  through 
t h e  c u r r e n t  zone seems t h e  more l i k e l y  a l t e r n a t i v e .  
Supporting evidence for t h e  continued a c c e l e r a t i o n  of 
gas  through t h e  s t a b i l i z e d  cu r ren t  zone i s  provided by vol tage 
s igna tu res  of an inner  d i v i d e r  and of an e x t e r i o r  probe across 
t h e  e l ec t rodes  a t  t h e  f a r  downstream end (see Ref. 48). I n  
Fig. 8a i s  shown t h e  inner  d i v i d e r  s igna tu re  a t  x = -2-1/4” 
i n d i c a t i n g  a plasma r e s i s t i v e  drop of 50 t o  60 v o l t s  (corre- 
sponding t o  a plasma r e s i s t a n c e  of .0005 $2 ) ,  followed i n  
succession by a 4 c o n t r i b u t i o n  a s  t h e  s h e e t  sweeps by, and 
then  by a u x B back emf a s  6 vanishes during t h e  s t a b i l i z a t i o n  
sequence, I f  t h i s  i s  t r u l y  a s teady  process ,  on ly  t h e  resis- 
t i v e  drop and the u x B c o n t r i b u t i o n  should appear a t  t h e  
f r o n t  end of t h e  device and Fig.  8b shows t h a t  t h i s  is  indeed 
t h e  case.  H e r e  t h e  vol tage climbs g radua l ly  from t h e  resis- 
t i v e  l e v e l  a t  breakdown t o  t h e  same s teady  u x B value a s  t h e  
p a t t e r n  s t a b i l i z e s .  
. 
A &  
2 - J  
2 2  
I n  an e f f o r t  t o  unravel  a b i t  more of t h e  mechanisms 
of gas a c c e l e r a t i o n  i n  t h e  two phases,  a t tempts  have been 
made t o  map t h e  p a t t e r n s  of electric f i e l d  wi th in  t h e  eur ren t -  
car ry ing  regions of t h e  plasma. Both c o a x i a l  probes t o  measure 
t h e  a x i a l  (x) f i e l d s ,  and forked probes t o  measure t h e  t r ans -  
verse  ( y )  f i e l d s  have been employed, but  only t h e  former has  
s o f a r  proven s u f f i c i e n t l y  reproducible  t o  encourage any i n t e r -  
p re t a t ion .  The probe response along t h e  m e t a l  e l e c t r o d e  
p o r t i o n  of t h e  channel (x e 0) corresponds t o  t h a t  commonly 
observed f o r  a propagating c u r r e n t  shee t  i n  a closed chamber 
pinch discharge,  namely, a ‘‘spike” of forward fac ing  electric 
f i e l d ,  followed by a weaker reg ion  of  f i e l d  r e v e r s a l .  An 
18 
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example of such a s i g n a l  taken a t  x = -3-1/4" is shown i n  
Fig. 9a. I n  c o n t r a s t ,  Figs ,  9b,c,d show t y p i c a l  electric probe 
responses a t  t h r e e  p o s i t i o n s  i n  t h e  midplane of  t h e  s t a b i l i z e d  
c u r r e n t  d i s t r i b u t i o n  downstream of t h e  m e t a l  t o  i n s u l a t i o n  
junc t ion  (x  > 0) , The dominant f e a t u r e s  here c o n s i s t  of a 
v e s t i g e  of the c u r r e n t  shee t  sp ike ,  followed by a n u l l  per iod ,  
followed by a s t e p  func t ion  inc rease  i n  Ex l a s t i n g  u n t i l  t h e  
end o f  t h e  pulse ,  o f  magnitude decreas ing  w i t h  d i s t a n c e  down- 
stream of t h e  d i scon t inu i ty .  A r r i v a l  t i m e s  of  t h e  sp ike  and 
onset  of  t h e  p l a t e a u  reg ion  have been p l o t t e d  as a func t ion  
of p o s i t i o n  i n  Fig. 10. 
One may specu la t e  t h a t  t h e  first sp ike  of  Ex recorded 
by t h e  probe announces t h e  a r r i v a l  of the snowplowed plasma 
accumulated by t h e  propagating sheet upstream i n  t h e  con- 
duc t ing  p o r t i o n  of t h e  channel, now cont inuing on i t s  own 
i n e r t i a  a s  t h e  shee t  is  a r r e s t e d  near  t he  d i s c o n t i n u i t y  and 
d i f f u s e s  i n t o  t h e  quasi-steady conduction p a t t e r n .  The p l a t eau  
of  electric f i e l d  p r e v a i l i n g  over the la t te r  p o r t i o n  of t h e  
response presumably r e f l e c t s  t he  quasi-steady flow acce ler -  
a t i o n  process  i n  opera t ion ,  poss ib ly  as a H a l l  vo l tage  compo- 
nent of t h e  t o t a l  electric f i e l d .  The r a t h e r  well-defined 
n u l l  t i m e  between these  t w o  s i g n a l s  is  somewhat puzzl ing,  
p a r t i c u l a r l y  s i n c e  no correspondingly abrupt  processes  are 
evident  i n  the development of  the  d ischarge  c u r r e n t  d is t r i -  
but ion  i n  t h i s  region (see Fig, 5 ) .  Poss ib ly  t h i s  s t e m s  from 
a momentary void of  mass f l o w  supply t o  t h e  a c c e l e r a t i n g  
region i n  t h e  wake of  t h e  c u r r e n t  shee t ,  bu t  c l e a r l y  much more 
information i s  needed t o  complete t h i s  model. Indeed, one may 
ques t ion  how mass flow is  provided for  t h e  s t a b i l i z e d  phase 
a t  any t i m e ,  i f  t h e  propagating shee t  has  e f f e c t i v e l y  swept 
out t h e  ambient f i l l  of  t h e  conducting p o r t i o n  o f  t h e  channel. 
Actual ly ,  cu r ren t  s h e e t s  of t h i s  i n t e n s i t y  are known from 
e a r l i e r  work t o  be imperfect  weeper^" ( R e f s .  11,12,29), 
a fact confirmed by t h e  observed magnitude of E sp ike  too 
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s m a l l  t o  account for f u l l  a c c e l e r a t i o n  of  ions  t o  shee t  
v e l o c i t y  (Refs. 41,42),  Rather, it appears  t h a t  t h e  propa- 
g a t i n g  shee t  on ly  p a r t i a l l y  accelerates t h e  ambient gas, 
which later surges  i n t o ,  and is  acce le ra t ed  by, t h e  quasi-  
s teady  c u r r e n t  p a t t e r n .  It i s  also possible t h a t  eroded 
i n s u l a t o r  and e l e c t r o d e  material provide some p o r t i o n  of 
t h e  i n l e t  m a s s  flow t o  t h e  a c c e l e r a t i o n  zone, bu t  the i r  
r e l a t i v e  importance and du ra t ion  cannot be judged i n  t h i s  
experiment. A s  longer pul'se lengths  are appl ied  t o  t h i s  
device,  it c l e a r l y  becomes important t o  provide a source of 
i n l e t  mass flow of  well-defined f l u x  and dura t ion .  
I n  passing,  Figs.  9e,f  d i s p l a y  records of Ex obtained 
by a probe immersed i n  t h e  conduction bands near  the anode 
and cathode edge. H e r e  t h e  Ex f i e l d  i s  e s s e n t i a l l y  p a r a l l e l  
t o  t h e  cu r ren t  vec tor ,  hence i s  p r imar i ly  a r e s i s t i v e  compo- 
nent,  nea r ly  cons tan t  over t h e  l i f e t i m e  of  t h e  quasi-s teady 
p a t t e r n ,  and oppos i te  i n  s i g n  near  anode and cathode. 
I 
Summarizing t o  t h i s  po in t  then, t h e  d i a g n o s t i c  measure- 
ments on t h e  p a r a l l e l  p l a t e  apparatus  suggest  t h e  following 
p i c t u r e  of  i t s  operat ion:  e lectrodynamical ly ,  the  c u r r e n t  
shee t  breaks down, propagates along t h e  m e t a l  e l e c t r o d e s  
imparting some f r a c t i o n  of i t s  v e l o c i t y  t o  the gas  it passes  
through and, upon reaching t h e  metal- to- insulat ion junct ion,  
d e c e l e r a t e s  qu ick ly  t o  a s t a b i l i z e d ,  hairpin-shaped c u r -  
r e n t  d i s t r i b u t i o n .  Gasdynamically, t h e  flow set up by passage 
of t h e  cu r ren t  sheet lags behind the shee t  somewhat  u n t i l  it 
s t a b i l i z e s ,  and then,  following a t r a n s i t i o n  per iod,  t h i s  gas 
provides  t h e  i n l e t  flow t o  t h e  s t a b i l i z e d  a c c e l e r a t i o n  zone. 
Experiments of t h e  type  descr ibed  above, using uniform 
ambient f i l l  of t h e  channel t o  a p resc r ibed  pressure ,  com-  
promise t h r e e  important a spec t s  of t h e  problem under study. 
F i r s t ,  as a l r eady  mentioned, no e x t e r n a l  supply of mass f l o w  
is  provided t o  s u s t a i n  t h e  quasi-steady a c c e l e r a t i o n  phase 
over  longer pu l se  lengths ;  second, no downstream d iagnos t i c s  
* 
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of t h e  p a r t i c l e - c o l l e c t o r  or ion-analyzer class are p o s s i b l e  
because of  t h e  s h o r t  mean free pa ths  of acce le ra t ed  p a r t i c l e s  
emerging from t h e  c u r r e n t  zone; and t h i r d ,  t h e  inf luence  of 
major ambient d e n s i t y  g rad ien t s ,  such as t hose  encountered i n  
space ope ra t ion  of a t h r u s t e r ,  on t h e  c u r r e n t  s t a b i l i z a t i o n  
process cannot be assessed.  
r e s t r i c t i o n s ,  t h e  shock tube  i n j e c t i o n  system described 
ear l ier  (Fig.  2) w a s  i n s t a l l e d ,  wi th  somewhat equivocal  
r e s u l t s .  
I n  an effor t  t o  remove t h e s e  
Previous a p p l i c a t i o n  of  t h i s  type  of gas  i n j e c t i o n  
procedure i n  connection with exhaust plume s t u d i e s  on a pinch- 
o r i f i c e  device (Ref, 48), had success fu l ly  provided a s t e e p  
a x i a l  d e n s i t y  g rad ien t  f r o m  the  discharge chamber out  i n t o  
t h e  l a r g e  P l e x i g l a s  vacuum vesse l .  Because of t h e  uncertain-  
t i e s  i n  t r a n s i t i o n a l  gas flow p a t t e r n s  i n  t h i s  d e n s i t y  regime, 
however, it w a s  not clear whether t h i s  s t e e p  g rad ien t  w a s  
determined more by the t i m e  scale of  t h e  gas  i n j e c t i o n  wave 
p a t t e r n ,  or by t h e  l a r g e  r a t i o  of  volumes of the vacuum v e s s e l  
t o  t h e  d ischarge  chamber. Applicat ion of t h i s  i n j e c t i o n  tech- 
nique t o  t h e  p a r a l l e l  p l a t e  a c c e l e r a t o r  now ind ica t e ,  i n  retro- 
spec t ,  t h a t  the l a t t e r  w a s  the case. Referr ing t o  Fig.  2, the  
o r i f i c e s  i n  t h e  l i n e s  feeding the chamber and switch a r e  
ad jus t ed  u n t i l  t h e  cu r ren t  sheet reaches the metal-to-insula- 
t i o n  junc t ion  a t  the s a m e  t i m e  it would f o r  a uniform 100 p 
fill, and t h e  dynamics of the  cu r ren t  shee t  a r e  then examined 
by Kerr ce l l  photography and magnetic probes. I f  a sharp  
d e n s i t y  g rad ien t  e x i s t s  along the channel, no t i ceab le  acceler- 
a t i o n  of t h e  shee t  should be observed. T o  the  cont ra ry ,  
however, t h e  sheet i s  found t o  behave almost i d e n t i c a l l y  wi th  
t h e  100 p ambient case, implying an e s s e n t i a l l y  uniform 
d e n s i t y  p a t t e r n ,  i.e., t ha t  t h e  e n t i r e  channel f i l l s  almost 
h y d r o s t a t i c a l l y  wi th  t h e  i n j e c t e d  gas.  
W e  are thus  forced t o  conclude t h a t  s u b s t a n t i a l  ambient 
d e n s i t y  g r a d i e n t s  a long a one-dimensional a c c e l e r a t i o n  channel 
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cannot be achieved by t h i s  method, 
o t h e r  combinations of i n l e t  p o r t  s i z e  and number, d r i v i n g  
pressure  or shock tube dimensions might remedy t h i s  s i t u a t i o n ,  
bu t  it now appears  t h a t  t h e  d i f f i c u l t y  i s  q u i t e  fundamental. 
Namely, we  may expect t h a t  any major d e n s i t y  v a r i a t i o n  i n  a 
one-dimensional f l o w  must extend over  a t  least  a f e w  mean f r e e  
paths .  Since w e  wish t o  cons t ruc t  a p r o f i l e  ranging from 100 p 
down t o  a s u f f i c i e n t l y  low value t h a t  ejected p a r t i c l e s  may 
reach remote ion collectors without c o l l i s i o n ,  it follows 
i r revocably  t h a t  t h e  dimensions of t h e  fu l l .  p r o f i l e  w i l l  ex- 
ceed t h a t  of t h e  channel,  Only i f  one i s  w i l l i n g  t o  expand 
t h e  flow i n t o  t w o  or t h r e e  dimensions a t  the  accelerator e x i t  
can t h i s  dens i ty  decrease be achieved more abrupt ly .  W e  are 
thus  forced t o  consj-der a d d i t i o n  of  a l a r g e  expansion v e s s e l  
t o  t h e  channel i f  ion  sampling d i agnos t i c s  are t o  be app l i ed  
t o  the acce le ra t ed  f l o w  stream. Since t h i s  may cons iderably  
complicate t h e  s teady  c u r r e n t  d e n s i t y  p a t t e r n  i n  t h i s  region,  
however, t h i s  procedure w i l l  be de fe r r ed  pending developmedt 
of a l t e r n a t i v e  d i agnos t i c  techniques I 
One may specu la t e  whether 
The most r ecen t  s t u d i e s  on t h i s  program have concerned 
the  at ta inment  of a s u i t a b l e  quasi-steady i n l e t  gas  flow for 
t h e  s t a b i l i z e d  c u r r e n t  p a t t e r n  t o  a c c e l e r a t e ,  Clear ly ,  c o m -  
p l e t e  s imula t ion  of a s teady  a c c e l e r a t i o n  process  involves  
two aspec ts ,  phenomenologically coupled, but temporally d i s -  
t i n c t :  1) establ ishment  of a s teady  d ischarge  c u r r e n t  d i s t r i -  
bu t ion ;  and 2) es tabl ishment  of a s teady  gas flow p a t t e r n  
through t h i s  c u r r e n t  d i s t r i b u t i o n .  W e  have shown t h a t  t h e  
t i m e  scale t o  achieve t h e  former i n  t h i s  experiment i s  of t h e  
order  of t e n  microseconds. 
flow p a t t e r n  probably is  much longer ,  To a crude approxima- 
t i o n ,  w e  may regard the propagating cu r ren t  shee t  of  the  
i n i t i a l  t r a n s i e n t  phase as having completely swept out  t h e  
ambient gas over t h a t  po r t ion  of the  channel it has passed on 
i t s  way t o  the p o s i t i o n  of  s t a b i l i z a t i o n ,  i n  a per iod  of only 
The t i m e  t o  e s t a b l i s h  a s teady  gas 
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a few microseconds. T o  "ref i l l"  t h i s  volume with gas  from 
t h e  e x t e r i o r  i n j e c t i o n  system should r e q u i r e  a t i m e  of the  
order  of t h e  channel length  involved d iv ided  by t h e  sound 
speed of t h e  i n j e c t e d  gas, i.e., hundreds o f  microseconds 
f o r  t h e  p re sen t  geometry. 
C lea r ly  t h i s  t i m e  can be reduced by shor ten ing  t h e  
channel length over which t h e  propagat ing shee t  runs before  
s t a b i l i z a t i o n ,  and a series of s t u d i e s  are i n  progress  t o  
ascertain t h e  minimum e l e c t r o d e  l eng th  which s t i l l  r e t a i n s  
the e s s e n t i a l  f e a t u r e s  of t h e  complete t r a n s i t i o n  process ,  
It should be noted i n  t h i s  respect,, however, t h a t  r ega rd le s s  
of t h i s  dimension, t h e  downstream bowing of  the stable cur- 
r e n t  p a t t e r n  a l s o  involves  s o m e  evacuated volume of channel 
which must be f i l l e d  wi th  i n j e c t e d  gas  before  the acce lera-  
t i o n  process  can be regarded as t r u l y  s teady.  
It also seems advantageous t o  provide minimum restric- 
t i o n  of t h e  i n l e t  flow t o  t h e  channel, t o  has t en  the  f i l l j n g  
process.  Since t h e  b a s i c  advantage of  a shock t u b e  i n j e c t i o n  
system appears t o  be obviated i n  t h i s  p a r t i c u l a r  experiment, 
o the r ,  more d i rec t  means of  gas supply are under considera- 
t i o n .  For example, a t tempts  have been m a d e  t o  fo rce  the 
discharge t o  i n i t i a t e  s o m e  d i s t a n c e  away from t h e  rear w a l l  
of t h e  channel, t hus  leav ing  an undis turbed ambient gas 
r e s e r v o i r  upstream of t h i s  pos i t i on .  W i t h  r e fe rence  t o  
Fig.  l l a ,  3/4" wide electrode s t r i p s  w e r e  loca ted  4-1/2" from 
the  back w a l l ,  i n  the hope t h a t  breakdown would occur d i r e c t l y  
ac ross  the  channel. 
However, un l ike  t h e  r e s u l t s  found i n  the pinch devices  
( R e f .  2), t h e  d ischarge  w a s  found n o t  t o  i n i t i a t e  d i r e c t l y  
across t h e  gap but  t o  e lect  t h e  minimum inductance pa th  shown. 
This  h a i r p i n  of  c u r r e n t  then  sweeps forward t o  es tabl ish t h e  
u s u a l  s t a b i l i z e d  conf igura t ion ,  aga in  evacuating t h e  intended 
gas  r e s e r v o i r  as it sweeps through, I n  an e f f o r t  t o  h inder  
t h i s  minimum inductance breakdown, a b a f f l e  w a s  i n s e r t e d  i n  
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t h e  midplane t o  inc rease  t h e  p a t h  length  requi red  f o r  l o w  
inductance breakdown (Fig,  l l b ) .  Again t h e  d ischarge  chose 
t h e  minimum inductance pa th  i n  t h e  form of two h a i r p i n s  as 
shown. Addition of o t h e r  b a f f l e s  w a s  not  attempted, s i n c e  
t h e  flow c o n s t r i c t i o n  of such an  arrangement then  becomes 
comparable wi th  t h a t  of  a mult iported i n j e c t i o n  p l a t e ,  
A l s o  examined w a s  t h e  p o s s i b i l i t y  t h a t  i n  t h e  usua l  
conf igura t ion  t h e  c u r r e n t  shee t  broke down not e x a c t l y  a t  
t h e  back w a l l ,  bu t  perhaps far  enough removed from t h e  w a l l  
t h a t  a s m a l l  volume of r e l a t i v e l y  undis turbed gas w a s  l e f t  
next t o  t h e  w a l l .  A series of Kerr c e l l  photographs and 
magnetic probe records indica ted ,  however, t h a t  t h e  shee t  
i n i t i a t e d  r i g h t  a t  t h e  w a l l  and e s s e n t i a l l y  no shee t  s tandoff  
d i s t ance  e x i s t e d  a t  breakdown. 
A t  p r e sen t  a v a r i e t y  of o t h e r  gas supply p o s s i b i l i t i e s  
are under s tudy,  Regardless of t h e  f i n a l  form chosen, it i s  
c l e a r  t h a t  longer cu r ren t  pu l se s  w i l l  be requi red  t o  achieve 
complete quasi-s teady opera t ion  of t h e  a c c e l e r a t o r  from both 
t h e  cu r ren t  d i s t r i b u t i o n  and gas  flow p a t t e r n  cr i ter ia ,  With 
t h e  present  capac i to r  bank ava i l ab le ,  t h i s  p r e d i c a t e s  l o w e r  
cu r ren t  l e v e l s ,  and here  t h e  uniformity and a c c e l e r a t i n g  
e f f e c t i v e n e s s  of t h e  discharge p a t t e r n  may be suspect .  Thus, 
t h e s e  f a c t o r s  are now being examined as t h e  pu l se  length  and 
amplitude are g radua l ly  lengthened and lowered, r e spec t ive ly .  
Should t h e  e s s e n t i a l  f e a t u r e s  of  t h e  t r a n s i t i o n  problem become 
i n d i s t i n c t  before  t h e  des i r ed  t e s t i n g  times a r e  achieved, it 
w i l l  be necessary t o  increase  t h e  capac i ty  of  t h e  bank, t o  
provide longer  pu l se s  a t  t h e  h igher  c u r r e n t  l e v e l s .  
t 
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111. MPD ARC SIMULATION 
(Clark) 
The previous semi-annual r e p o r t  (48) descr ibed  t h e  
cons t ruc t ion  of a d ischarge  chamber whose geometry c l o s e l y  
resembles t h e  s t eady- s t a t e  magnetoplasmadynamic arcjet, The 
primary i n t e r e s t  i n  t h i s  conf igura t ion ,  detai ls  of which are 
shown i n  Fig. 1 2  i s  t h e  s imula t ion  of s teady  MPD arc ope ra t ing  
c h a r a c t e r i s t i c s  on a quasi-steady basis, a t  power l e v e l s  and 
plume dimensions inaccess ib l e  t o  d i rec t  s teady  s ta te  experi-  
ments. Such s imula t ion  w i l l  permit thorough exhaust plume 
and d ischarge  chamber d i agnos t i c s  a t  c u r r e n t  l e v e l s  from 
under 10,000 t o  over 100,000 amperes, and wi th  back p res su res  
dup l i ca t ing  a space environment. From t h e s e  it i s  hoped t o  
p i ece  toge the r  t h e  de ta i l s  of t h e  gas a c c e l e r a t i o n  process ,  
cu r ren t  conduction p a t t e r n ,  and e l e c t r o d e  loss mechanisms 
f o r  the  s e l f - f i e l d  MPD a rcs .  
A secondary, bu t  equa l ly  important purpose of t h i s  
s tudy i s  t o  acqui re  experience w i t h  t h e  ope ra t ion  of pulsed 
a c c e l e r a t o r s  on progress ive ly  longer d r i v i n g  cu r ren t  pulses .  
A s  has  been argued previous ly ,  e f f i c i e n c y  of pulsed ope ra t ion  
may w e l l  be improved by extending t h e  pulse  lengths  substan- 
t i a l l y ,  t o  t h e  e x t e n t  t h a t  t h e  device becomes more an 
" i n t e r m i t t e n t  s teady" acce lera tor - - i . e . ,  one i n  w h i c h  s teady  
a c c e l e r a t i o n  processes  p r e v a i l  over the b u l k  of t h e  p u l s e - -  
r a t h e r  than  a conventional plasma gun. Thus, t o  t h e  ex ten t  
feasible i n  t h r u s t e r  p r a c t i c e ,  by proper ly  a d j u s t i n g  t h e  
r a t io  of pu l se  length  t o  dead t i m e ,  one could combine t h e  
b e n e f i t s  of high-power plasma a c c e l e r a t i o n  processes ,  w i th  
modest average power consumption. 
I n  t h i s  r e p o r t  w e  confine our a t t e n t i o n  t o  t h e  f i r s t  
interest--MPD arc simulation--and almost exc lus ive ly  t o  one 
element of t h a t  problem. Clear ly ,  t w o  a spec t s  of  arc opera- 
t i o n  must be s i m u l a t e d  i f  t h e  analogy i s  t o  hold: 1) the 
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discharge  c u r r e n t  p a t t e r n ,  e l e c t r o d e  vol tage,  and cathode 
emission processes must s t ab i l i ze  t o  quasi-steady s i t u a t i o n s  
similar t o  those  of MPD arcs; and 2) t h e  mass flow p a t t e r n  
through t h e  e l e c t r o d e  region must  s t a b i l i z e  t o  a s t eady  
l e v e l  i n  t h e  i n t e r e s t i n g  range of MPD opera t ion ,  Only a f te r  
both  t h e  electrical  and gasdynamical requirements have been 
m e t  can one c l a i m  f u l l  re levance of  t h e  d e t a i l e d  measurements. 
The previous r e p o r t  (48) d e a l t  p r imar i ly  w i t h  t h e  e f f e c t i v e n e s s  
and t i m e  scale of  t h e  e lectr ical  s imulat ion:  here we  mainly 
consider  t h e  gasdynamic problem. 
Perhaps t h e  most i l l u s t r a t i v e  in t roduc t ion  t o  t h i s  
problem i s  a comparison of  t h e  s e v e r a l  t i m e  scales of t h e  
o v e r a l l  process.  F i r s t ,  recall  t h a t  t h e r e  are three charac- 
t e r i s t i c  t i m e s  a s soc ia t ed  wi th  t h e  output  of t h e  capac i to r  
bank and t h e  subsequent electrodynamic plume development (see 
Fig. 13): 
r = dura t ion  of the f l a t  t o p  cu r ren t  1 1 
pulse- -cont ro l lab le  from 20 t o  s e v e r a l  
hundreds of microseconds i n  t h i s  
exper i m e  n t  
Z = t h e  rise t i m e  of t h e  cu r ren t  t o  i t s  s teady  
value-- typical ly  a few microseconds. 
r 
Z, = t h e  t i m e  from cu r ren t  i n i t i a t i o n  u n t i l  
s t a b i l i z a t i o n  occurs. Typica l ly  ?'' S 0.4 T I 
so t h a t  i?"' 4 -z 
I n  comparison t o  these ,  t h e  following gasdynamic t i m e s  are 
of  i n t e r e s t :  
= the i n t e r v a l  over which the mass M 
flow rate  is cons tan t  
rR = t h e  t i m e  requi red  f o r  t h e  mass f l o w  
r a t e  t o  reach i t s  s teady  value 
5 = t h e  t i m e  requi red  for a s teady  pressure  
t o  be reached i n  t h e  arc chamber a f t e r  
t h e  mass flow has become cons tan t  
I 
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FIGURE 13 
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I n  t e r m s  of  these ,  t h e  requirements of  the gas i n j e c t i o n  
system can then  be summarized: 
rM > 2; t o  ensure s teady  m a s s  flow through- 
rR 4 4  r so t h a t  du r ing  t h e  pressure  d i s -  
out  t h e  c u r r e n t  pu l se  
M 
t r i b u t i o n  i n  t h e  vacuum tank  does not  
i nc rease  enough t o  compromise t h e  space 
environment requirement 
t f t o  enable  a s teady  p res su re  t o  p r e v a i l  A 
i n  t h e  e l e c t r o d e  region over the bulk 
of  t h e  cu r ren t  pu l se  
The f i r s t  and t h i r d  requirements can be combined t o  g ive  
i.e., t h e  cu r ren t  pu l se  should only occur a f t e r  a s teady  a r c  
chamber pressure  has  been reached and before  t h e  mass flow 
r a t e  d e p a r t s  f r o m  i t s  c o n s t a n t  value. 1 
The m o s t  e f f e c t i v e  means of s a t i s f y i n g  the  requi re -  
ments  f o r  abrupt  i n i t i a t i o n  of a r a p i d l y  s t a b i l i z i n g  m a s s  
flow has proven t o  be v i a  a shock tube i n j e c t i o n  system, 
incorpora t ing  t h e  pressure  r e s e r v o i r  behind t h e  head-on 
r e f l e c t i o n  o f  a shock wave from t h e  tube end w a l l  t o  d r i v e  
a group of i n j e c t i o n  p o r t s  of v a r i a b l e  diameter,  
of t h i s  key role of the  quasi-steady m a s s  f l o w  i n  t h e  desired 
MPD simulat ion and i n  view of s e v e r a l  related a p p l i c a t i o n s  of 
t h i s  shock tube technique t o  o t h e r  experiments i n  t h e  labora- 
t o ry ,  methods of a n a l y t i c a l  and experimental  determinat ion of  
t h e  a c t u a l  gas i n j e c t i o n  c h a r a c t e r i s t i c s  from t h i s  system 
w i l l  now be descr ibed.  
Because 
Neutral  d e n s i t y  measurements w i t h  f a s t  response ion i -  
z a t i o n  gauges showed t h a t  a previous shock tube gas  i n j e c t i o n  
system ‘48) provided a pressure  p r o f i l e  i n  t h e  e l e c t r o d e  reg ion  
which never a t t a i n e d  a s teady  phase, bu t  rose s t e a d i l y  a t  
about 25 per  100 psec i n  t h e  p re s su re  range of i n t e r e s t .  
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This  rise w a s  a t t r i b u t e d  t o  t h e  low i n i t i a l  p re s su re  i n  t h e  
shock tube  d r iven  s e c t i o n  (0.01 p) and t h e  s i z e  of t h e  gas  
r e s e r v o i r  ( tube  diameter = 7/8") .  The p resen t  tube  dimen- 
s i o n s  w e r e  s e l e c t e d  (diameter = 2-3/8", dr iven  s e c t i o n  
length  = 7'-6", d r i v e r  s e c t i o n  l eng th  = 2') t o  g ive  a con- 
s t a n t  p re s su re  r e s e r v o i r  t i m e  of almost one mil l isecond.  I n  
addi t ion ,  i n  o rde r  t o  decrease t h e  shock th ickness ,  i.e., t o  
decrease 
was increased t o  1 nun. The r e s u l t i n g  leakage f l o w  out  the 
i n j e c t i o n  ho le s  p r i o r  t o  shock tube f i r i n g  d i d  not  increase  
t h e  back p res su re  t o  more than about 1 p due t o  t h e  speed of 
the d i f f u s i o n  pump and t h e  s m a l l  s i z e  of  the gas i n j e c t i o n  
ho le s  (diameter = 0.030"). 
r, , t h e  i n i t i a l  p re s su re  i n  t h e  d r iven  s e c t i o n  
I n  p r a c t i c e ,  the cons tan t  m a s s  flow t i m e ,  rM i s  ter- 
minated by the  r e t u r n  t o  t h e  end w a l l  of t h e  r e f l e c t e d  shock 
a f t e r  i t s  i n t e r a c t i o n  wi th  t h e  con tac t  sur face .  This  i s  best 
shown g raph ica l ly  on t h e  x-t diagram of Fig .  14, which is  
based on i d e a l  gas flow i n  a one-dimensional shock t u b e  of  
the above dimensions w i t h  i n i t i a l  p re s su res  o f  1 mm and 
35 p s i a  i n  t h e  d r iven  and d r i v e r  s ec t ions ,  r e spec t ive ly .  The 
f igu re  shows t h e  convent ional  d i v i s i o n  of  gasdynamic regions 
by number, and subsequent numerical s u b s c r i p t s  r e f e r  t o  t h e s e  
regions.  For t h e  case shown, t h e  i d e a l  cons tan t  pressure  
t i m e  i n  t h e  r e s e r v o i r  i s  roughly 1 mil l isecond.  A l s o  shown 
on t h e  s a m e  f i g u r e  is  t h e  r e s u l t  of  a c a l c u l a t i o n  t ak ing  
account of the  viscous i n t e r a c t i o n  of t h e  gas w i t h  t he  tube 
w a l l .  On a shock tube w a l l ,  a s  with s teady  flow s i t u a t i o n s ,  
t h e  no s l i p  condi t ion  leads t o  t h e  formation of  a viscous 
shear  l a y e r  or boundary l aye r .  I n  a shock centered  re ference  
frame, t h i s  boundary l a y e r  has  a negat ive displacement th ick-  
ness  so t h a t  it a c t s  l i k e  a mass s i n k  t o  t h e  incoming flow, 
genera t ing  r a r e f a c t i o n s  which propagate forward t o  a t t e n t u a t e  
t h e  shock. I f  t h e  shock tube i s  long enough, t h i s  a t t e n u a t i o n  
proceeds u n t i l  t h e  rate of mass i n f l u x  i n t o  t h e  shock i s  
balanced by t h e  boundary l a y e r  mass f l o w  moving p a s t  t h e  
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con tac t  surface, after which t i m e  t h e  sepa ra t ion  d i s t a n c e  
between t h e  shock and contac t  su r f ace  remains cons tan t .  The 
major effect  then  is  t h a t  both t h e  t e s t i n g  t i m e  and t h e  re- 
s e r v o i r  p re s su re  are decreased f r o m  t h e i r  i d e a l  values.  For 
l o w e r  i n i t i a l  p re s su res  i n  t h e  tube,  t h e  boundary l a y e r  
growth and consequent shock a t t e n t u a t i o n  are increased,  an 
e f f e c t  r e f l e c t e d  i n  s t i l l  l o w e r  values  of r e s e r v o i r  p re s su re  
and du ra t ion ,  N o t e  t h a t  t h e  r e f l e c t i o n  of t h e  r a r e f a c t i o n  
o f f  of the d r i v e r  end w a l l  does not  have a role i n  determining 
t h e  r e s e r v o i r  condi t ions ,  due t o  t h e  l a r g e  expansion r a t i o  of 
t h e  i n i t i a l  r a r e f a c t i o n .  Hence, only a very s m a l l  d r i v e r  
s e c t i o n  i s  necessary t o  genera te  t h e  r e s e r v o i r  condi t ions  
shown. 
F i g u r e s  15 and 16 show comparisons of ideal gas and 
real  gas  c a l c u l a t i o n s  of t h e  r e s e r v o i r  p re s su re  and cons tan t  
pressure  r e s e r v o i r  t i m e ,  r e spec t ive ly ,  as t h e  i n i t i a l  p re s su re  
i n  t h e  d r iven  s e c t i o n  is  var ied.  The c a l c u l a t i o n s  w e r e  per- 
formed w i t h  a d r i v e r  p re s su re  of  35 p s i a ,  the  experimental '  
value used throughout a l l  t h e  tests t o  ensure t h e  m o s t  repro- 
duc ib le  diaphragm rupture .  The experimental  p o i n t s  i n  
Figs.  15 and 16 w e r e  der ived  from an i n s u l a t e d  p i e z o e l e c t r i c  
c r y s t a l  mounted f l u s h  wi th  t h e  end w a l l  of t h e  shock tube. 
This probe was s imilar  i n  cons t ruc t ion  t o  o t h e r  p re s su re  
probes discussed i n  previous r e p o r t s  (47 48) with  t h e  excep- 
t i o n s  t h a t  t h e  diameter of t h e  c r y s t a l  has been increased 
from 5/32" t o  1/4" and i t s  th ickness  increased from 0.010" 
t o  0.040" for b e t t e r  s e n s i t i v i t y  a t  low pressures .  Using 
s t ra ight forward  r e l a t i o n s  for t h e  output  of a p iezo  c r y s t a l ,  
t h e  a n a l y t i c a l  c a l i b r a t i o n  factor f o r  the  probe and a s soc ia t ed  
coax ia l  cable i s  found t o  be 2.0 volts/atm. Due t o  t h e  
e x t e r n a l  c i r c u i t r y ,  t h e  c r y s t a l  s i g n a l  has  an  RC decay con- 
s t a n t  of 600 psec, a f e a t u r e  which has  been incorporated 
i n  t h e  reduct ion  of t h e  da ta .  
A t y p i c a l  t r i p l e  over lay  o f  c r y s t a l  response is shown 
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i n  Fig. 17.  Th i s  p i c t u r e  shows a sha rp  i n i t i a l  s i g n a l  rise 
f r o m  t h e  impinging shock, a nea r ly  cons tan t  p re s su re  f o r  
approximately 500 psec, and a subsequent p re s su re  rise due 
t o  t h e  r e t u r n  of t h e  r e f l e c t e d  shock af ter  i n t e r a c t i o n  wi th  
t h e  con tac t  surface. This  l a t t e r  f e a t u r e  i s  not a sharp  rise 
because t h e  contac t  su r f ace  is  a c t u a l l y  a d i f f u s e  zone due t o  
t h e  nonideal  diaphragm rupture .  On t h e  basis of such d a t a  
taken on expanded t i m e  scales, t h i s  shock tube  system is  
found t o  act  l i k e  a valve wi th  an  opening t i m e  ( rR) of less 
than  2 psec which i s  t h e  r e s o l u t i o n  t i m e  of t h e  c r y s t a l  cir- 
c u i t .  It needs t o  be noted t h a t  only t h e  i n i t i a l  p o r t i o n  of 
the p iezo  response ( i 30 p e c )  can be compared t o  the  value 
p red ic t ed  by t h e  modified one-dimensional c a l c u l a t i o n s ,  
because a f te r  t h a t  t i m e ,  a reduct ion  i n  p5 due t o  "drainage" 
through the i n j e c t i o n  p o r t s  w i l l  be f e l t  by t h e  sensor .  This  
e f f e c t  i s  noted i n  Fig. 15 by inc luding  open data p o i n t s  which 
ind ica te  the  i n i t i a l  r e s e r v o i r  pressure; i.e.,  t ha t  value which 
can be compared t o  the  real  gas  c a l c u l a t i o n s ,  and so l id  d a t a  
p o i n t s  which r ep resen t  t h e  average r e s e r v o i r  p re s su re  over the  
t i m e  shown i n  Fig. 16. The error bars i n  Fig,  15 i n d i c a t e  the 
t o t a l  error due t o  t h e  i r r e p r o d u c i b i l i t y  of  t h e  gasdynamic 
process  and t h e  assignment of a p a r t i c u l a r  p re s su re  f o r  the  
ind ica ted  dura t ion .  The good agreement between t h e  real  gas  
c a l c u l a t i o n s  and the  experimental  values  lends confidence t o  
t h e  mass flow values  subsequently der ived from t h e s e  data. 
Determination of  the mass flow rates from t h e  shocked 
gas r e s e r v o i r  requires values  of d ischarge  c o e f f i c i e n t  f o r  the  
i n j e c t i o n  holes .  A t  the  p r e v a i l i n g  l o w  Reynolds numbers, an 
assumption of  u n i t y  f o r  the discharge c o e f f i c i e n t  is not  
warranted, However, by s e t t i n g  an i n i t i a l  pressure i n  t h e  
shock tube and monitoring t h e  p re s su re  rise i n  t he  vacuum 
tank  wi th  t h e  vacuum pumps shut  o f f ,  t h e  d e s i r e d  discharge 
c o e f f i c i e n t s  can be determined empir ica l ly .  These values  are 
shown as c i r c l e d  data p o i n t s  i n  Fig,  18 p l o t t e d  a g a i n s t  the 
Reynolds number based on ho le  r ad ius  and upstream s t agna t ion  
39 
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v i s c o s i t y .  I n  add i t ion ,  t h e  l i n e  shown i n  Fig. 18 r ep resen t s  
experimental  d a t a  for sharp  edge o r i f i c e s  d iscussed  i n  Ref. 
A-2. The apparent  discrepancy a t  l o w  Reynolds numbers is 
probably a t t r i b u t a b l e  t o  t h e  d i f f e r e n t  c o n s t r i c t i o n  geome- 
tr ies i n  t h e  t w o  experiments. 
From t h e  empi r i ca l ly  determined d ischarge  c o e f f i c i e n t s ,  
t h e  measured time-average r e s e r v o i r  pressures ,  and corre-  
sponding s t agna t ion  temperatures ( c a l c u l a t e d  from i s e n t r o p i c  
expansion of  i n i t i a l  p t o  t h e  time-average va lue) ,  m a s s  flow 
rates w e r e  ca l cu la t ed .  These mass flow rate% s teady  t o  the 
accuracy shown f o r  t h e  du ra t ion  given i n  Fig.  16, are shown 
i n  Fig.  19 along wi th  t h e  leakage f l o w  rate r e s u l t i n g  from 
maintaining t h e  shock t u b e  dr iven  s e c t i o n  a t  t h e  given p1 value.  
5 
Achievement of s teady  m a s s  f l o w  through t h e  i n j e c t i o n  
ho le s  i n t o  t h e  e l e c t r o d e  gap does not n e c e s s a r i l y  imply s teady  
f l o w  over t h e  e n t i r e  d i scharge  region. I n  p a r t i c u l a r ,  t h e  
des i r ed  opera t ing  condi t ions  of t h e  capac i to r  bank s e l f -  
t r i g g e r i n g  i n t o  a time-steady p res su re  p r o f i l e  i n  the elec- 
trode region with a sharp gradien t  i n  pressure  downstream from 
t h e  o r i f i c e ,  is by no means guaranteed, T o  i n v e s t i g a t e  the 
p a t t e r n s  of l o c a l  pressure  development, t h e  fast  i o n i z a t i o n  
gauge discussed i n  t h e  previous r e p o r t  (**) has  been i n s e r t e d  
i n  t h e  arc chamber and exhaust reg ions ,  bo th  wi th  t h e  leakage 
f l o w  and t h e  shock dr iven  flow. Although t h e  r e s u l t s  a r e  so 
fa r  incomplete, s o m e  p re l iminary  conclusions can be drawn. 
During t h e  leakage m a s s  flow period,  l i t t l e  o r  no a x i a l  pres-  
su re  g rad ien t s  are measured f o r  i n i t i a l  p re s su res  i n  t h e  shock 
tube  o f  1 mm or  less, and no rad ia l  g r a d i e n t s  are measured. 
I 
Figure 20 shows t h e  gauge response t o  t h e  dynamic 
s i t u a t i o n ,  i.e.# t h e  i n j e c t e d  m a s s  d r iven  by t h e  shock gen- 
e r a t e d  r e s e r v o i r ,  a t  t h e  c e n t e r  of  t h e  anode plane with an 
i n i t i a l  shock tube p res su re  of 1 mm. The upper trace shows 
t h e  familiar p iezo  c r y s t a l  response and i s  used as a t i m e  
reference,  while  t h e  l o w e r  trace d i s p l a y s  t h e  ion  cu r ren t  
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which i s  d i r e c t l y  r e l a t e d  t o  n e u t r a l  dens i ty .  Severa l  
i n t e r e s t i n g  c h a r a c t e r i s t i c  t i m e s  can be seen i n  t h i s  photo: 
1. The de lay  t i m e  between shock impinge- 
ment on t h e  end w a l l  of  t h e  tube  and i n i t i a l  
p re s su re  rise a t  t h e  c e n t e r  of  t h e  anode p lane  
i s  S+ 100 psec. During t h i s  t i m e ,  t h e  p re s su re  
measured is t h a t  due t o  t h e  leakage f l o w  only. 
2. The c h a r a c t e r i s t i c  t i m e ,  r equi red  f o r  
t h e  chamber pressure  t o  s t a b i l i z e  due t o  a f ixed  
mass flow rate ( rA) i s  about 300 psec. Refer r ing  
t o  Fig. 16 then  i n d i c a t e s  t h a t  i n i t i a l  p re s su res  
i n  t h e  shock tube must  be g r e a t e r  than  - 300 p 
i n  o rder  t o  achieve a s teady  pressure  i n  t h e  
e l e c t r o d e  region. 
3 .  Other d a t a  sho t s  show t h a t  t h e  pressure  
then  remains cons tan t  i n  t h i s  region u n t i l  t h e  
subsequent pressure  r ise i n  t h e  shock tube  can be 1 
communicated, which r e q u i r e s  roughly 100 psec. 
Thus, f o r  t hese  condi t ions ,  t h e r e  is  a cons tan t  
pressure  d i s t r i b u t i o n  i n  t h e  electrode reg ion  
f o r  about 250 psec dura t ion .  
Figure 2 1  shows t h e  prel iminary pressure  p r o f i l e  
development on t h e  c e n t e r l i n e  of t h e  exhaust for t h e s e  same 
condi t ions:  i.e., it i s  a cross p l o t  of  t h e  average of  
s e v e r a l  osci l lograms l i k e  t h a t  shown i n  Fig. 20. It is  
seen t h a t  f o r  t h e  t i m e  per iod from 300 t o  500 psec a f t e r  
t h e  p iezo  c r y s t a l  response, t h e  pressure  i n  t h e  e l e c t r o d e  
region (e  = 0 on t h i s  f i gu re )  i s  e s s e n t i a l l y  t h e  same, 
although t h e  extremities of  t h e  p r o f i l e  cont inue t o  propa- 
g a t e  i n t o  t h e  exhaust vesse l .  Pressures  i n  t h e  e l e c t r o d e  
reg ion  can be changed by changing p and/or t h e  i n j e c t i o n  
hole  s i z e ,  The s p e c i f i c  condi t ions  used w e r e  maintained 
throughout t h i s  series of  pressure  measurements and t h e  
1 
l a t e r  s t u d i e s  of  t h e  actual  discharge opera t ion  i n  o rde r  t o  
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determine t h e  g ross  ope ra t ing  c h a r a c t e r i s t i c s  of t h i s  
geometry . 
I n  a f i r s t  a p p l i c a t i o n  of t h e  appara tus  and tech- 
nique ou t l ined  above, a pre l iminary  survey o f  t h e  c u r r e n t  
d e n s i t y  d i s t r i b u t i o n  i n  t h e  chamber and exhaust regions 
dur ing  a 140,000 amp x 20 rsec discharge  has  been made 
using a magnetic probe rake descr ibed previously. (43) 
t h i s  operat ion,  an i n i t i a l  p ressure  i n  t h e  shock tube  of  
1 mm Hg w a s  used f o r  t h e  reasons c i t e d  above. Refer r ing  
t o  t h e  Paschen curve f o r  t h i s  conf igura t ion  (Fig .  22) and 
t h e  local p re s su re  development with t i m e  i n  t h e  e l e c t r o d e  
region (Fig.  211, it is  clear t h a t  t h e  spontaneous break- 
down of the capac i to r  bank occurs  considerably l a t e r  than  
t h e  s teady  p res su re  phase i n  the chamber. However, t h e  m a s s  
f l o w  rate change during t h e  20 psec pu l se  du ra t ion  w a s  s l i g h t ,  
For 
.and has  been ignored f o r  t h i s  f i r s t  survey. S p e c i f i c a l l y ,  
the  p iezo  c r y s t a l  output  i n d i c a t e s  a mass f l o w  rate of  about 
50 mgm/sec and a l o c a l  pressure  i n  t he  e l e c t r o d e  chamber of 
about 25 p a t  the t i m e  of breakdown. 
The primary r e s u l t s  from t h i s  survey may be summarized 
a s  follows: 
1, The cu r ren t  p a t t e r n  c l e a r l y  s t a b i l i z e s  
i n  the chamber and i n  t h e  region up t o  t w o  o r i -  
f ice diameters  downstream a f t e r  approximately 
6 psec. I n  t h e  o u t e r  exhaust region, t h e  c u r -  
r e n t  contours  slow but  do not s t o p  completely 
on t h i s  t i m e  scale. 
2 .  The i n i t i a l  breakdown c l o s e l y  f o l l o w s  
t h e  i n s u l a t o r  surfaces i n  t h e  back of  t h e  cham- 
ber, a t t a c h i n g  a t  t h e  l i p  of  t h e  anode o r i f i c e  
and a t  the rear of t h e  cathode, T h i s  i s  followed 
by a propagation t o  the cathode t i p  of only  about 
1/3 of  t h e  t o t a l  cur ren t ,  t h e  remaining 2/3 
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choosing t o  d i s t r i b u t e  i t s e l f  nea r ly  uniformly 
over  t h e  cathode and throughout t h e  arc chamber 
f o r  t h e  du ra t ion  of t h e  pu l se ,  A t y p i c a l  m a p  
of enclosed c u r r e n t  contours  which d i s p l a y s  
t h i s  d i s t r i b u t i o n  i n  t h e  s t a b i l i z e d  configu- 
r a t i o n  i s  shown i n  Fig,  23, N o t e  t h a t  t h e  
p o r t i o n  of  cu r ren t  emanating from t h e  cathode 
t i p  is  e s s e n t i a l l y  t h e  s a m e  as t h a t  which pro- 
jects out  i n t o  t h e  exhaust plume. 
3, I n  t h e  i n t e r v a l  from 1 t o  4 psec a f t e r  
breakdown, t h e  anode attachment of  t h a t  c u r r e n t  
which e n t e r s  the cathode t i p  i s  observed t o  
spread r a p i d l y  over  the  e n t i r e  downstream sur -  
face  of t h e  anode, i.e., o u t  t o  t h e  vacuum 
vesse l  w a l l  17 inches from the c e n t e r l i n e .  
I n  the e a r l y  p o r t i o n  of  t h i s  study, a con ica l  alumi- 
num cathode w a s  used, b u t  t h i s  w a s  found t o  erode s e r i o u s l y ,  
t o  t h e  po in t  o f  severe  deformation a f t e r  on ly  a f e w  sho t s  
(see Fig. 24). 
denum cathode, which although clearly p i t t e d  by the  d is -  
charge, d i d  not s e r i o u s l y  change i t s  shape, Despite t h e  
complications of  cathode e ros ion  on ope ra t ion  of  t h e  accel- 
e r a t o r ,  it o f f e r s  unimpeachable evidence t h a t  the  cathode 
su r face  i s  r e a d i l y  capable of thermionic emission on t h e  
t i m e  scale of t h i s  t r a n s i e n t  experiment, and thereby  simu- 
l a t e s  MPD opera t ion  i n  t h i s  regard.  
I 
This was then  replaced by a s i m i l a r  molyb- 
A t  p re sen t ,  surveys of  t h i s  type  a r e  being extended 
i n t o  lower current- longer  pu l se  domains where both t h e  cur- 
r e n t  d i s t r i b u t i o n  and t h e  gas f l o w  p a t t e r n  w i l l  achieve a 
quasi-steady l e v e l ,  and t h e  t y p i c a l  MPD opera t ing  range w i l l  
be better simulated.  Also, i n  a d d i t i o n  t o  t h e  MPD simula- 
t i o n ,  t h e  impl ica t ion  of t h e  r e s u l t s  t o  pulsed t h r u s t e r  
opera t ion  i n  quasi-steady modes is  under more s e r i o u s  con- 
s ide ra t ion .  
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IV. OPTIMUM ENERGY TRANSFER FROM LOW IMPEDANCE 
(Wilbur) 
PULSE NETWORKS TO ACCELERATING PLASMAS 
This  e f f o r t  i s  intended t o  g ive  a better under- 
s tanding  of t h e  cond i t ions  under which a high energy power 
supply, such as a capacitor bank o r  t ransmiss ion  l i n e ,  w i l l  
t r a n s f e r  i t s  energy t o  a n  a c c e l e r a t i n g  plasma wi th  optimum 
e f f i c i ency .  The work c o n s i s t s  of four  r e l a t e d  s t u d i e s :  
1) design and development of  l o w  inductance c a p a c i t o r s  s u i t -  
able f o r  simple assembly i n t o  pu l se  l i n e  conf igura t ions ;  
2) experimental  determinat ion of  t he  detailed c a p a c i t o r  
c h a r a c t e r i s t i c s :  3)  experimental  i n v e s t i g a t i o n  of  t h e  con- 
d i t i o n s  f o r  optimum t r a n s f e r  of  energy; and 4) development 
of  a n a l y t i c a l  techniques t o  support  the  experimental  s t u d i e s .  
The f i r s t  phase o f  t h e  c a p a c i t o r  des ign  and develop- 
ment program has been completed wi th  d e l i v e r y  o f  t h e  las t  of 
1 2  capac i to r  u n i t s  from t h e  manufacturer (Corson Electric 
Manufacturing Corp.). A l l  of t h e s e  u n i t s  have been tested 
and shown t o  behave l i k e  s e c t i o n s  of l o w  impedance t r ans -  
mission l i n e ;  i.e., t h e y  d e l i v e r  a r ec t angu la r  c u r r e n t  wave- 
f o r m  t o  a s u i t a b l y  matched load. A v a r i a b l e  resistor capable  
of withstanding t h e  c u r r e n t s  and vol tages  produced by t h e s e  
u n i t s  has  been developed t o  permit determinat ion o f  t h e  
inductance and capac i tance  of the u n i t s  under high vol tage,  
high frequency condi t ions .  For example, i f  pu l se  l i n e s  c o m -  
posed of a series of  f o u r  u n i t s  a r e  discharged through t h e  
c a l i b r a t i o n  resistor ad jus t ed  t o  y i e l d  the  matched cond i t ions  
f o r  var ious  i n i t i a l  vol tages ,  t h e  r a t i o  of vol tage  across t h e  
resistor t o  c u r r e n t  through it measured over  t h e  f l a t topped  
reg ion  of t h e  c u r r e n t  and vol tage  traces f a l l s  i n t o  t h e  
range of  30 t o  34 milliohms, The a c t u a l  v a r i a t i o n  is  shown 
i n  Fig. 25 as t h e  curve labeled "high c u r r e n t  measurements." 
I f  t h e  values  of t h e  matching r e s i s t a n c e s  a r e  l a t e r  measured 
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d i r e c t l y  by a Kelvin br idge,  a d i f f e r e n t  curve, labeled 
"nominal r e s i s t a n c e "  i s  obtained,  The discrepancy between 
these t w o  curves  simply r e f l e c t s  t h e  change i n  t h e  resist- 
ance of  t h e  load resistor as a func t ion  of cu r ren t .  Although 
a d d i t i o n a l  tests a t  in te rmedia te  i n i t i a l  vo l tages  are re- 
qui red  t o  confirm t h e s e  pre l iminary  r e s u l t s ,  it appears  t h e  
c h a r a c t e r i s t i c  impedance a t  t h e  condi t ions  which ex is t  dur ing  
t y p i c a l  pu l se  l i n e  ope ra t ion  i s  near  33 milliohms. 
t h i s  33 m i l l i o h m  impedance and t h e  observed s i n g l e  u n i t  two-  
way t ransmiss ion  t i m e  of  0-45  microsecond, one o b t a i n s  a 
capaci tance of  about 6.5 microfarads and an inductance of 
about 7.0 nanohenries f o r  t h e  average u n i t .  
Using 
I n  previous w o r k  it has  been commonly assumed t h a t  
s u b s t i t u t i o n  of an a c c e l e r a t i n g  c u r r e n t  shee t  f o r  t h e  resis- 
t i v e  load usua l ly  employed i n  t ransmiss ion  l i n e  a n a l y s i s  would 
cause no e s s e n t i a l  d i f f e r e n c e  i n  t h e  behavior o f  t h e  l ine- load  
system. I n  p a r t i c u l a r ,  t h i s  assumption implied tha t  1) o p t i -  
mum energy t r a n s f e r  from a t ransmission l i n e  t o  t h e  cu r ren t  
shee t  would occur when t h e  impedance of the l i n e  w a s  equa l  
t o  t h a t  of t h e  cu r ren t  shee t ,  2) no negat ive cu r ren t  would be 
observed when the dynamic impedance of the  c u r r e n t  shee t  w a s  
equal  t o  or  g r e a t e r  t han  t h a t  of t h e  l i n e ,  and 3)  t h e  c u r r e n t  
would decay t o  zero  over s e v e r a l  two-way t ransmiss ion  t i m e s  
of t h e  l i n e  when the cu r ren t  sheet impedance w a s  g r e a t e r  than  
t h a t  of t h e  l i n e .  The f i r s t  evidence t h a t  t h i s  assumption 
might be i n v a l i d  w a s  given i n  the previous semi-annual re- 
port 
under condi t ions  where t h e  average pinch impedance w a s  calcu- 
l a t e d  t o  be greater than  t h a t  of t h e  d r i v i n g  l i n e .  Subse- 
quent ly ,  t h e  capac i to r  u n i t s  have been connected i n  a th ree-  
l i n e  conf igura t ion  having a c h a r a c t e r i s t i c  impedance of 11 
milliohms, and nominal pu l se  length  of 2 p sec ,  t o  t h e  p a r a l l e l  
p l a t e  accelerator descr ibed i n  Sec t ion  11, which as a nominal 
impedance of  about 20 milliohms (compared t o  10 milliohms f o r  
I 
i n  the form of osci l lograms showing negat ive c u r r e n t s  (48) 
54 
t h e  pinch machine). Magnetic f i e l d  probe records confirm a 
cu r ren t  shee t  v e l o c i t y  corresponding t o  a 20 milliohm load 
impedance and ye t  a s i z a b l e  nega t ive  c u r r e n t  is s t i l l  ob- 
served on t h e  second h a l f  cyc le  as shown i n  Fig. 26a. N o t e  
a l s o  on t h i s  osci l logram t h e  tendency of t h e  c u r r e n t  pu l se  
t o  be elongated and t o  decay slowly; indeed, the"2  psec 
pu l se  l i n e "  has  here  produced a pu l se  t h a t  remains p o s i t i v e  
f o r  about 6 Psec. 
behavior,  t h e  computer program combining snowplow plasma 
dynamics wi th  the t ransmission l i n e  wave equat ion (descr ibed 
i n  d e t a i l  i n  Ref. 48) w a s  modified t o  r e f l e c t  p a r a l l e l  p l a t e  
a c c e l e r a t o r  geometry and t h e  c u r r e n t  and vol tage waveforms 
w e r e  computed. The r e s u l t s ,  shown i n  Fig. 26b, c l o s e l y  con- 
f i rm t h e  experimental  observat ion.  
t h e  a n a l y t i c a l  c a l c u l a t i o n s  now suggest t h a t  it is t h e  rela- 
t i v e l y  l a r g e  inductance a s soc ia t ed  wi th  the cu r ren t  shee t  con- 
f i g u r a t i o n  tha t  causes t h e  cu r ren t  r e v e r s a l  i n  t hose  case? o f  
load impedance equal  t o  o r  g r e a t e r  than  t h a t  of the l i n e .  
This  inductance, which would not  appear i n  a simple r e s i s t i v e  
load, here adds s u f f i c i e n t  i n e r t i a  t o  t h e  c i r c u i t  t h a t  t h e  
cu r ren t  l a g s  behind t h e  t ransmission l i n e  vol tage  decay and, 
thereby t h e  t ransmiss ion  l i n e  achieves a negat ive  vol tage 
before  the ze ro  cu r ren t  cond i t ion  is  reached. This  nega t ive  
vol tage  then  produces the negat ive c u r r e n t  observed on t h e  
second h a l f  cyc le ,  Expressed another  way, i n  t h e  "near-match" 
regime, t h e  r e q u i s i t e  inductance growth rates w i l l  qu ick ly  
gene rat e inductance leve  Is capable of s e r i o u s l y  d i s t o r t i n g  
t h e  vol tage  waveform whenever c u r r e n t  magnitude i s  at tempting 
t o  change. This  e f f e c t  i s  observed over t h e  e n t i r e  i n t e r e s t -  
ing range of  l i n e  and load impedance, and seems t o  impose a 
basic loss mechanism which may reduce t h e  e f f i c i e n c y  of energy 
t r a n s f e r  t o  t h e  cu r ren t  shee t  motion. 
To provide i n s i g h t  i n t o  t h i s  c u r r e n t  pu l se  
Fur ther  examination of 
Another output  of t h e  computer s tudy  i s  the energy 
balance p l o t  shown i n  Fig, 27. This  shows t h e  energy d i s -  
t r i b u t i o n  i n  t h e  p a r a l l e l  p la te  accelerator f i l l e d  with 100 p 
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argon and i n  a 0,011 ohm x 1.8 rsec t ransmiss ion  l i n e  d r i v i n g  
it (3  l i n e s  of 4 capac i to r s  each) as a func t ion  o f  t i m e .  
Energy contained i n i t i a l l y  i n  the  t ransmiss ion  l i n e  is t rans-  
f e r r e d  i n t o  t h e  magnetic f i e l d s  and i n t o  t h e  c u r r e n t  shee t  i n  
t h e  form o f  thermal and d i r e c t e d  motion of t h e  snowplowed gas 
as t h e  a c c e l e r a t i o n  process  proceeds. The cu r ren t  sheet in- 
ductance e f f e c t  descr ibed above can be seen i n  t h i s  p l o t  as 
the t r a n s f e r  of energy f r o m  t h e  magnetic f i e l d s  back i n t o  the 
t ransmiss ion  l i n e  a f te r  about 4 microseconds. 
A computer a n a l y s i s  i s  a lso being carried out  f o r  the 
pinch discharge geometry. As shown i n  Fig. 28  t h e  e s s e n t i a l  
elements of  t h e  energy balance are the same as they  w e r e  . fo r  
t h e  p a r a l l e l  p l a t e  accelerator wi th  one e s s e n t i a l  d i f f e rence .  
Namely, t h e  t i m e  a v a i l a b l e  f o r  t r a n s f e r r i n g  energy i n t o  t h e  
a c c e l e r a t i n g  c u r r e n t  shee t  i s  now l i m i t e d  by t h e  pinch t i m e ,  
and t h e  pu l se  length  f o r  optimum energy t r a n s f e r  t o  t h e  shee t  
i s  t h e r e f o r e  c l o s e l y  coupled t o  the pinch t i m e .  Figure 28a 
i s  based on f i v e  l i n e s  of t w o  capac i to r s  each (0,007 ohm x 0.9 
psec) d r i v i n g  the  8-inch pinch wi th  100 
nanonhenry switch. Figure 28b shows how t h i s  energy d i s t r i -  
bu t ion  p l o t  is  modified when the same pinch is  d r iven  by s i x  
l i n e s  of two u n i t s  (0.005 ohm x 0.9 psec). 
t h e  impedance m i s m a t c h  i s  greater when s i x  l i n e s  are d r i v i n g  
the pinch as evidenced by t h e  r e l a t i v e  minimum ene rg ie s  i n  
t h e  t ransmission l i n e  (occurr ing a t  about 1 microsecond), t h e  
energy t r a n s f e r  t o  the gas  a t  pinch t i m e  i s  greater w i t h  s i x  
l i n e s  because i n  t h i s  ca se  t h e r e  is  less t r a n s f e r  of  energy 
back i n t o  t h e  l i n e  f r o m  t h e  magnetic f ie lds .  It can be seen, 
t he re fo re ,  t h a t  both pu l se  l i n e  l eng th  and impedance are 
important i n  determining the poin t  of optimum energy t r a n s f e r  
t o  t h e  c u r r e n t  shee t ,  and it appears t h a t  t h i s  optimum w i l l  
not n e c e s s a r i l y  occur when t h e  average impedance of  t h e  pinch 
is e x a c t l y  equal  t o  t h e  l i n e  impedance. 
argon through a one 
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a 
t o  determine under what l i n e  conf igu ra t ions  t h e  maximum 
f r a c t i o n  of t h e  i n i t i a l  l i n e  energy is  t r a n s f e r r e d  i n t o  
directed motion of t h e  gas. Figure 29 s h o w s  t h i s  optimi- 
z a t i o n  f o r  t h e  case o f  100 p argon i n  t h e  8-inch pinch cham- 
ber, wi th  an  assumed switch inductance of  1 nanohenry, It 
i s  hoped t h a t  a broad survey of t h i s  type  w i l l  i d e n t i f y  t h e  
condi t ions  under which t h e  optimum energy t r a n s f e r  can be 
most e a s i l y  inves t iga t ed  experimentally.  
Reference 48 repor ted  our concern t h a t  t h e  switch 
inductance might be s u f f i c i e n t l y  large t o  r e s t r a i n  t h e  r i s i n g  
c u r r e n t  throughout t h e  e n t i r e  nominal pu l se  t i m e  f o r  t h e  s h o r t  
pu l se  conf igura t ions .  I n  order t o  in su re  t h i s  would not  be 
t h e  case,  cons iderable  e f f o r t  has  been spent  on development 
of a new l o w  inductance switch.  The concept of t h e  switch i s  
i l l u s t r a t e d  i n  Fig. 30. Unfortunately,  t h i s  geometric con- 
f i g u r a t i o n  e x h i b i t s  a tendency t o  spoke and t h e  l o w  inductance 
ca l cu la t ed  f o r  t h e  device i s  not r e a l i z e d  f o r  m o s t  arrange- 
ments of t h e  capacitors, It does s e e m  t o  w o r k  adequately f o r  
t h e  case of s i x  l i n e s  of t w o  u n i t s  and can be used under t h e s e  
condi t ions  i f  such runs are needed i n  t h e  fu tu re .  
I 
Other i n v e s t i g a t i o n s  conducted during t h e  r e p o r t  period. 
include a s tudy o f  t h e  e f f e c t s  of  pinch chamber he ight ,  type  
of  gas  used i n  t h e  chamber, and gas p res su re  on t h e  e f f i c i e n c y  
of  energy t r a n s f e r ,  
complete t h i s  i n v e s t i g a t i o n  i n  l i g h t  of t h e  inductance effect  
o u t l i n e d  i n  t h e  beginning o f  t h e  r epor t .  I n  p a r t i c u l a r ,  cur-  
r e n t  shee t  v e l o c i t y  and c o n t i n u i t y  must be inves t iga t ed  i n  
each case, s i n c e  t h e  amount of nega t ive  cu r ren t  observed on 
the second h a l f  cyc le  i s  now known t o  be an adequate ind i -  
c a t i o n  of e f f i c i e n c y ,  
Addit ional  e f f o r t  w i l l  be requi red  t o  
I .  
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V. PRESSURE MEASUREMENTS I N  CLOSED CHAMBER DISCHARGES 
( Y o r k )  
Previous work on t h e  problem of mapping t h e  gas 
pressure  p r o f i l e  through a propagating c u r r e n t  sheet has  
d e a l t  almost exc lus ive ly  wi th  improvement of  t h e  piezo- 
e lectr ic  probe response. (47’48) 
f i n a l l y  i n  hand, it has been poss ib l e  during t h e  p re sen t  
r epor t ing  per iod  t o  proceed t o  complementary t a s k s  necessary 
t o  relate probe o u t p u t  t o  plasma p rope r t i e s .  S p e c i f i c a l l y ,  
a method of probe c a l i b r a t i o n  has been developed; t h e  geom- 
e t r y  of t h e  d ischarge  p a t t e r n  dr iven  by the pulse-forming I 
network and the i n t e r f e r e n c e  of t h e  probe with t h e  d ischarge  
have been examined experimental ly  using Kerr c e l l  photography, 
and var ious a n a l y t i c a l  methods of i n t e r p r e t a t i o n  have been 
considered. 
With a s a t i s f a c t o r y  u n i t  
The pressure  probe c a l i b r a t i o n  has been c a r r i e d  o u t ,  
using a simple, single-diaphragm, cons tan t  a r e a  shock tube. 
This method was chosen because it i s  h igh ly  reproducible ,  
it provides  an impulse on t h e  desired submicrosecond t i m e  
scale, and it permits  c a l i b r a t i o n  over a reasonable  opera t ing  
range. I n  p a r t i c u l a r ,  it w a s  des i r ed  t o  c a l i b r a t e  t h e  probes 
over a range of i n i t i a l  p re s su res  near t h e  ambient discharge 
value of 100 t - ~  and over as l a r g e  as poss ib l e  a dynamic pres-  
su re  increment, by sub jec t ing  them t o  t h e  head-on r e f l e c t i o n  
of t h e  shock from t h e  t u b e  end w a l l .  However, it i s  w e l l  
known t h a t  l o w  d e n s i t y  shock tube  behavior d iverges  from 
classical  i n v i s c i d  behavior because of boundary l a y e r  
e f f e c t s .  (A-3) Rather than embark on a lengthy shock tube  
c a l i b r a t i o n  program, it w a s  decided t o  r e l y  on experimental  
d a t a  published by Duff (A-4) and t o  cons t ruc t  a shock tube  
with e x a c t l y  t h e  same i n t e r n a l  dimensions. Accordingly, t h e  
shock t u b e  w a s  assembled w i t h  a 1-1/8” i.d., a 3 ’  d r i v e r  and 
7 ’  dr iven  sec t ion :  t h e  diaphragm w a s  manually b u r s t .  Using 
c 
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Duff ' s  d a t a  on shock Mach number f o r  given i n i t i a l  p ressure  
and diaphragm pres su re  ra t io ,  reflected shock d a t a  w a s  taken 
over an ambient p re s su re  range from 500 t o  1.0 a t m  of argon 
wi th  corresponding p res su re  jumps across t h e  r e f l e c t e d  shock 
of from 0 . 0 1 t o  5.3 a t m ,  Resul t s  i nd ica t ed  a l i n e a r  response 
wi th in  experimental  l i m i t s  over  t h e  range t e s t e d ,  t y p i c a l l y  
0.20 volts/atm for PBT-S c r y s t a l  0.010" t h i c k  (Fig. 30) 
Before at tempting t o  i n t e r p r e t  probe output  i n  t h e  
pinch discharge environment, a series o f  radial-view Kerr 
ce l l  photographs w e r e  taken of t h e  discharge.  This  w a s  accom- 
p l i shed  by removing a s e c t i o n  of  t h e  o u t e r  r e t u r n  conductor, 
al lowing r a d i a l  access t o  t h e  i n t e r i o r  of  the chamber through 
t h e  glass i n s u l a t o r  as had been done previous ly ,  (29) A t yp i -  
cal  photograph of t h e  imploding cu r ren t  shee t  dr iven  by t h e  
i l l u s t r a t e d  c u r r e n t  waveform i s  shown i n  Fig. 31. Severa l  
f a m i l i a r  d i s turbances  a r e  ev ident  on t h i s  and s e q u e n t i a l  
photographs: 1) t h e  anode " foot"  phenomenon has enveloped, 
a s i g n i f i c a n t  percentage of  t he  i n t e r e l e c t r o d e  gap (see 
Sec t ion  V I ) ;  2) t h e  main p o r t i o n  of the shee t  i s  s l i g h t l y  
concave inward; and 3) t h e r e  i s  a s m a l l  cathode foot, Never- 
t h e l e s s ,  it may be concluded from such s t u d i e s  t h a t  between 
r a d i i  of 3- and 1-inch and midway between t h e  e l e c t r o d e s  t h e  
shee t  is r e l a t i v e l y  f r e e  of e l ec t rode  e f f e c t s  and accordingly 
t h i s  w i l l  be the region of primary i n t e r e s t  f o r  t h e  p re s su re  
probe d i agnos t i c s  
To pursue the problem o f  probe i n t e r f e r e n c e  wi th  t h e  
cu r ren t  shee t ,  s e v e r a l  ''dummy" models of probing shapes w e r e  
i n s e r t e d  through t h e  chamber w a l l s  and t h e  luminosi ty  patterns 
photographed again.  The f i r s t  shape t o  be examined represented 
a r a d i a l  probe; Fig. 32a shows the probe i n t e r a c t i o n  s h o r t l y  
a f te r  a r r i v a l  of  t h e  shee t ;  Figs.  32b and c show a 4.5 x mag- 
n i f i c a t i o n  of t h e  area near  t he  (sensing)  end of t h e  probe 
body taken a t  later t i m e s .  From t h e s e  photographs it i s  ev i -  
dent t h a t  a t  t h i s  probing p o s i t i o n  (r = 2") t h e  probe i s  not  
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immersed i n  t h e  anode foot. However, t h e  s t agna t ion  region 
of t h e  probe i s  i n t e n s e l y  luminous, and t h e r e  is a t y p i c a l  
contour of  luminosi ty  being shed f r o m  t h e  s t agna t ion  region. 
A s i m i l a r  sequence of photographs w a s  t aken  of a 
dummy a x i a l  probe; Figs.  33a,b,c show luminosity p a t t e r n s  
when t h e  shee t  f i r s t  reaches t h e  probe and a t  la ter  t i m e s ,  
N o t e  t h a t  t h e  flow aga in  s t a g n a t e s  on t h e  s i d e  (non-sensing) 
su r face  of  t h e  probe and t h i s  s tagnated  f l o w  then  d i f f r a c t s  
over the end (sensing)  sur face ,  T o  examine p o s s i b l e  means 
f o r  reducing t h i s  d is turbance  t o  t h e  sens ing  surface an 
annular  flow isolator  w a s  s l i pped  around t h e  sensing end of 
t h e  a x i a l  probe. Severa l  luminosi ty  photographs of  t h i s  ’ 
arrangement a r e  displayed i n  Fig. 34. Figure 34a shows t h e  
shape s h o r t l y  a f t e r  a r r i v a l  of t h e  c u r r e n t  shee t :  t h i s  same 
p i c t u r e  i s  shown i n  4x5 x magnif icat ion i n  Fig. 34b and a t  
a la te r  t i m e  i n  Fig,  34c. Clear ly ,  the  i s o l a t o r  s u b s t a n t i a l l y  
reduces leakage of  t h e  hot ,  s tagnated  gas over t h e  sens ing ,  
surface,  but  a weak bow wave i s  s t i l l  ev ident  from t h e  leading 
edge of t h e  i s o l a t o r .  Other conf igura t ions  of i s o l a t o r  a r e  
p r e s e n t l y  being s tud ied  t o  minimize t h e  d i s t o r t i o n  of  the  
flow over t h e  sensing surface from tha t  p r e v a i l i n g  i n  a 
v i r g i n  cu r ren t  sheet. 
When the probe conf igura t ion  has  been optimized, 
s inu l taneous  data on pressure ,  magnetic and electric f ie lds ,  
and luminosi ty  p r o f i l e s  w i l l  be compiled, and combined w i t h  
o t h e r  measurements from ear l ier  w o r k ,  f o r  t h e  purpose of con- 
s t r u c t i n g  a more d e t a i l e d  d e s c r i p t i o n  of  condi t ions  wi th in  
t h e  sweeping cu r ren t  shee t ,  
67 T-3141 
ANODE 
CATHODE 
a )  2.0)~ sec 
T-3143 
b) 2.2 )L sec 
T-3144 
C )  2.4 p s e c  
LUMINOSITY PATTERNS ABOUT AXIAL PROBE 
100 p ARGON 
FIGURE 33 
T-3150 68 
1 . 6 ~  sec 
T-3150 
b) 1.6 p sec (MAGNIFIED 4.5 X )  
T-3152 
c) 1 . 7 ~  sec (MAGNIFIED 4.5X 
LUMINOSITY PATTERNS ABOUT A X I A L  PROBE 
W I T H  F L O W  I S O L A T O R  
loop ARGON 
FIGIIRF 34 
69 
V I .  CURRENT SHEET BEHAVIOR NEAR THE ANODE 
(Oberth) 
Previous r e p o r t s  have r e l a t e d  c e r t a i n  observa t ions  
of anomalous behavior of pinch cu r ren t  s h e e t s  near  t h e  anode 
surface.  (47'48) Magnetic probe data i n d i c a t e  t h a t  under cer- 
t a i n  condi t ions  t h e  c y l i n d r i c a l  c u r r e n t  shee t  w i l l  b i f u r c a t e  
near t he  anode, and a t t a c h  i t s e l f  t o  it i n  t w o  more or  less 
concent r ic  r ings .  The p o s i t i o n  o f  b i f u r c a t i o n  is found t o  
r e g r e s s  from t h e  surface as t h e  c u r r e n t  shee t  advances radi- 
a l l y ,  as shown schemat ica l ly  i n  Fig. 35. This  "anode foo t "  
s t r u c t u r e  has been found t o  occur i n  argon a t  var ious cham- 
ber p res su res  and wi th  var ious f l a t t o p  or double-peaked 
d r i v i n g  c u r r e n t  pu l se s  of magnitudes f r ~ m  230,000 t o  400,000 
amperes. 
Following these i n i t i a l  observa t ions  of t h i s  unusual 
cu r ren t  sheet behavior, a t tempts  have been made t o  map t h e  
radial  and a x i a l  electric f i e l d s  i n  t he  " foo t "  region, bu t  
t h i s  has been precluded by an ino rd ina te  scatter i n  t h i s  data, 
a s i g n i f i c a n t  r e s u l t  i n  i tsel f  f o r  t h e s e  otherwise h igh ly  re- 
producible  closed-chamber discharges.  An example of t h e  kind 
of i r r e p r o d u c i b i l i t y  encountered is  shown i n  F ig .  36 which 
d i sp lays  - a t J Er 8 EZ osc i l l o scope  traces of  a " b i f u r c a t i n g "  
cu r ren t  sheet, taken a t  the chamber midplane, 
T h e  unusual i r r e p r o d u c i b i l i t y  of these measurements 
is  i n t e r p r e t e d  t o  i n d i c a t e  t h a t  t h e  d ischarge  c u r r e n t  exper- 
iences  considerable  d i f f i c u l t y  i n  e s t a b l i s h i n g  a v i ab le  con- 
duc t ion  mechanism near and i n t o  t h e  anode su r face ,  and thus  
i s  vulnerable  t o  unspecif ied i n s t a b i l i t i e s  and turbulence i n  
t h i s  region. Because of t h e  p o s s i b l e  importance of  t h e  anode 
shea th  processes  t o  t h e  o v e r a l l  plasma a c c e l e r a t i o n  problem, 
both i n  t h e  pulsed and s teady  flow implementations, i t  has  
been decided t o  pursue t h i s  anode process  f u r t h e r ,  d e s p i t e  
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i t s  complexity, i n  t h e  hope of  acqu i r ing  a t  least some qual-  
i t a t i v e  i n s i g h t  i n t o  t h e  d i f f i c u l t y ,  and poss ib ly  of i d e n t i -  
fy ing  a means of  remedy, 
I n  deference t o  t h e  above mentioned i r r e g u l a r l t y  of 
t h e  process ,  a sys temat ic  photographic s tudy has  been under- 
taken  t o  c a t a l o g  t h e  v i s u a l  a s p e c t s  of t h e  domain before  
a t tempting f u r t h e r  accumulation of electrical  da ta .  
purpose, t h e  same r a d i a l  view Kerr ce l l  photographic system 
descr ibed  i n  t h e  previous s e c t i o n  w a s  appl ied  t o  t h i s  exper i -  
ment (Fig. 37) .  A l l  of t h e  displayed photographs w e r e  t aken  
i n  a 100 p argon discharge i n  an 8-inch diameter chamber, 
d r iven  by a 5.5 psec x 230,000 amp c u r r e n t  pulse .  
probe v i s i b l e  i n  the photographs w a s  a l s o  i n s e r t e d  a x i a l l y  
i n t o  the chamber t o  provide $B a t  records along wi th  t h e  
Kerr ce l l  photographs. 
For t h i s  
A magnetic 
e /  
The f i r s t  series of photographs displayed i n  Fig. 38 
shows t h e  progress  of  t h e  pinching cu r ren t  sheet from 1.4 psec 
t o  3.8 psec a f te r  i n i t i a t i o n  of the discharge.  These p i c t u r e s  
again show t h a t  t h e  luminous f r o n t  does d i v i d e  and d i f f u s e  
near t h e  anode and t h a t  t h i s  d is turbance  grows towards t h e  
cathode as t h e  cu r ren t  sheet propagates  inward.  
Cor re l a t ion  of such Kerr c e l l  photographs wi th  corre- 
sponding magnetic probe records a l l o w s  one t o  relate t h e  
luminosi ty  f r o n t  t o  t h e  cu r ren t  conduction regions of  t h e  
shee t .  Figure 39 compares photographs wi th  t h e  appropr i a t e  
magnetic probe records f o r  three d i f f e r e n t  p o s i t i o n s  of t h e  
probe. 
probe d a t a  i n d i c a t e  a s i n g l e  cu r ren t  conduction zone a t  t h e  
midplane. I n  Fig. 39b t h e  magnetic probe has  been pos i t i oned  
1/2" from t h e  anode. T h e  photograph shows t h e  probe s tanding  
between t h e  two " legs"  of the  bifurcated c u r r e n t  shee t .  The 
corresponding probe trace shows t h a t  one cu r ren t  conduction 
reg ion  has  swept over t h e  probe p r i o r  t o  1.8 psec and t h a t  a 
second cu r ren t  zone is about t o  pass  t h e  probe, Apparently, 
I n  Figure 39a both t h e  luminosi ty  p a t t e r n  and magnetic 
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then, each p a r t  of  t h e  b i f u r c a t e d  luminosi ty  f r o n t  has  a 
c u r r e n t  conduction region a s soc ia t ed  wi th  it. Figure 39c 
wi th  t h e  magnetic probe a t  a p o s i t i o n  1/4" from t h e  anode 
f u r t h e r  supports  t h i s  conclusion. 
Under c e r t a i n  condi t ions  another  a spec t  of t h e  anode 
process  has  been observed photographical ly .  
po l i shed  aluminum e l e c t r o d e  i s  employed, a d i s t i n c t  f i la-  
mentary "spoking" i s  found t o  occur a t  a random spot  on t h e  
anode. Figure 40 i l l u s t r a t e s  t h e  s i t u a t i o n :  a t  t h e  e a r l y  
t i m e s  we  see t h e  f a m i l i a r  b i f u r c a t e d  anode attachment,  b u t  
l a t e r ,  a t  about 2.6 psec, a luminous "spot"  is  seen  t o  form 
on the anode sur face .  This luminous spot  i n t e n s i f i e s  as ' 
t h e  c u r r e n t  shee t  propagates inward, From many photographs 
of t h i s  type, w e  conclude t h a t  t h e  "spoke" does not  f o r m  a t  
any one p a r t i c u l a r  po in t  on t h e  anode, bu t  seems to  attach 
a t  a d i f f e r e n t  po in t  for each discharge.  L i t t l e  i s  p r e s e n t l y  
known about the cu r ren t  d e n s i t i e s  a s soc ia t ed  with t h i s  "aFode 
spoke," but  such information w i l l  be sought i n  f u t u r e  i n v e s t i -  
ga t ions .  It s e e m s  reasonable,  however, t h a t  such  i n s t a b i l -  
i t i e s  g ive  rise t o  the i r r ep roduc ib le  electric probe data 
displayed ear l ier ,  
When a h igh ly  
I n  t h e  course of t h i s  q u a l i t a t i v e  photographic survey, 
it s e e m s  reasonable t o  t r y  t o  e s t a b l i s h  the pressure  depend- 
ence of t h e  anode foot processes .  Figure 4 1  shows photo- 
graphs of c u r r e n t  s h e e t s  propagating i n t o  ambient argon a t  
p re s su res  of 50 p, 100 p, and 200 p a t  approximately t h e  
same r a d i a l  pos i t i ons .  I n  each case  t h e  d r i v i n g  c u r r e n t  i s  
cons tan t  a t  about 200,000 amperes f o r  the t i m e s  i nd ica t ed ,  
Each photograph shows t h e  f a m i l i a r  c u r r e n t  sheet b i f u r c a t i o n  
near t h e  anode, with l i t t l e  drastic change i n  scale over t h e  
range t e s t e d .  I n  f a c t ,  t h e  degree of  s i m i l a r i t y  among t h e  
t h r e e  f i g u r e s  would seem t o  i n d i c a t e  t h a t  chamber pressure  i s  
not a c r i t i ca l  f a c t o r  i n  determining the cu r ren t  shee t  
behavior near  t h e  anode. 
77 
h 
0 
W a 
0 z a 
W a 
0 
I 
0 
!z 
h 
U 
n 
Y- 
1 
n 
0 
W x 
0 
tn 
W 
0 z 
Q 
LL 
0 
Z 
0 
I- 
E 
E 
0 
LL 
a. 
n 
- 
a 
IGURE 40 
78 
a) 5 0 p  ARGON 
T- 3352 
2.6 p sec 
b) I O O p  ARGON 
T- 3374 
3.4 psec 
C) 200p ARGON 
PRESSURE DEPENDENCE OF ANODE FOOT 
* 
FIGURE 41 
79 
Clearly,  s i m i l a r  surveys of t he  e f f e c t  of discharge 
cur ren t  amplitude, pu lse  shape, gas type,  e l ec t rode  type 
and sur face  condi t ion,  and chamber geometry will be needed 
t o  l o c a l i z e  the  phys ica l  cause of the  anode foot ,  p r i o r  t o  
i t s  more d e t a i l e d  examination. 
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V I I .  GAS LASER INTERFEROMETRY 
OF CLOSED CHAMBER DISCHARGES 
(Bruckner) 
Among t h e  var ious  o p t i c a l  techniques a v a i l a b l e  f o r  
t h e  i n v e s t i g a t i o n  of  e l e c t r o n  and ion  d e n s i t i e s  i n  ionized 
gases,  in te r fe rometry  o f f e r s  t h e  best compromise between 
experimental  s i m p l i c i t y  and ease of i n t e r p r e t a t i o n  of  da ta .  
O f  p a r t i c u l a r  s i g n i f i c a n c e  t o  in t e r f e romet ry  has  been t h e  
advent of  t h e  laser and t h e  development of new i n t e r f e r o -  
metric methods which are based upon self-modulation of t h e  
laser c a v i t y  by i t s  own r e f l e c t e d  l i g h t ,  (A-S,A-6,A-7) A 
schematic diagram of  one p o s s i b l e  technique of  t h i s  type  
i s  sketched i n  Fig. 42. The output  from the  laser i s  s e n t  
through t h e  plasma, and r e f l e c t e d  back onto i t se l f  by t h e  
p l ana r  mirror M3. The amplitude of the laser output  depends 
upon t h e  phase of t h e  s i g n a l  w h i c h  r e t u r n s  i n t o  t h e  laser 
c a v i t y  f r o m  t h e  mirror system M2 - M3 I which i n  e f f e c t  con- 
s t i t u t e s  a high Q c a v i t y  whose resonant f requencies  depend 
upon the r e f r a c t i v e  index of t h e  plasma. (A-8) I f  the plasma 
d e n s i t y  changes with t i m e ,  a sequence of resonances a t  t h e  
laser frequency w i l l  be e x c i t e d  i n  t h e  cav i ty .  Since t h e  
phase of  t h e  s i g n a l  r e tu rn ing  t o  the laser depends on t h e  
proximity t o  resonance, t h e  laser output  w i l l  vary, a t t a i n i n g  
a n  extreme value each t i m e  t h e  e x t e r n a l  cav i ty ,  M2 - M 
s w e p t  through a resonance. Each complete cyc le  of  l i g h t  
i n t e n s i t y  i s  c a l l e d  an i n t e r f e r o m e t r i c  f r inge .  
i s  3 
A number of  pre l iminary  experiments with devices  of 
t h i s  type  have been repor ted  previously.  (43J47) These in- 
cluded a determinat ion of t h e  frequency response of t h e  i n t e r -  
ferometer, and a measurement of t h e  r e f r a c t i v e  index of 
n e u t r a l  argon t o  check t h a t  a changing index d i d  indeed pro- 
duce f r ing ing .  
d i scharge  i t s e l f  w e r e  also attempted, and while t h e s e  showed 
A f e w  f e a s i b i l i t y  s t u d i e s  of probing t h e  pinch 
. 
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promising r e s u l t s ,  t h e y  a l s o  ind ica t ed  a need f o r  more 
s o p h i s t i c a t e d  experimental  f a c i l i t i e s .  
I n  t h i s  d i r e c t i o n ,  an improved o p t i c a l  bench has  been 
constructed,  and app l i ed  t o  an 8-inch diameter p i n c h , d i s -  
charge chamber as shown i n  Fig. 43. A f ront -sur face  mir ror ,  
M4 d e f l e c t s  t h e  laser beam through a 6-inch s l o t  i n  t h e  
o p t i c a l  bench i n t o  t h e  chamber v i a  a 6-inch diameter g l a s s  
i n s e r t  i n  t h e  upper e l e c t r o d e ,  
holds  t h e  beam s p l i t t e r  and one of t h e  t w o  Corning CS-2-62 
#2418 red cu to f f  f i l t e r s .  The o t h e r  f i l t e r  i s  in te rposed  
between t h e  ir is  diaphragm (stopped down t o  h) 1.5 mm) and 
t h e  photomul t ip l ie r  tube (RCA 1P28) .  To  t h e  t o p  of  t h e  cham- 
ber, where t h e  laser beam e n t e r s ,  i s  a f f i x e d  a mask also wi th  
a 1.5 mm o r i f i c e .  
phragms i s  t o  exclude a l a r g e  p o r t i o n  of t h e  plasma r a d i a t i o n  
from t h e  photomul t ip l ie r ,  
The mount support ing M4 a l s o  
The purpose of t h e s e  red f i l ters and d ia -  
During pinch d i agnos t i c s  t h e  e x t e r n a l  resonat ing  ca,v- 
i t y ,  bent  a t  a r i g h t  angle  by M4 , is formed by laser mirror  
M and mirror M3 , a s m a l l ,  t h i n ,  second su r face  mirror  
a t tached  t o  the  bottom e l e c t r o d e  of t h e  pinch chamber. By 
in te rpos ing  another  mirror ,  M5 8 shown i n  do t t ed  l i n e s ,  t h e  
e x t e r n a l  c a v i t y  can be bent  aga in  such t h a t  it is  bounded by 
the s ix-s ided r o t a t i n g  mir ror  of an AVCO Type MC 300 s t r e a k  
camera. By causing the b e a m  t o  f a l l  on t h i s  m i r r o r  o f €  the 
a x i s  of r o t a t i o n ,  t h e  l eng th  of t h e  e x t e r n a l  cav i ty ,  and hence 
the laser output ,  can be modulated a t  w i l l  through a w i d e  
range of f r i n g i n g  frequencies  by simply varying the speed of  
r o t a t i o n  of the mirror.  I n  t h i s  manner the frequency re- 
sponse of  t h e  laser (io€?., v a r i a t i o n  of depth of  modulation 
w i t h  f r i n g i n g  frequency) may be obtained,  This  p a r t i c u l a r  
proper ty  of t h e  laser is of prime concern because it i s  ex- 
pected that t h e  e l e c t r o n  d e n s i t y  g rad ien t s  encountered i n  t h e  
propagating cu r ren t  s h e e t s  w i l l  p r e d i c a t e  f r i n g i n g  rates a s  
high as 100 M H z  ( R e f .  7 ) .  
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By sp inning  t h e  r o t a t i n g  mirror wi th  a r egu la t ed  
n i t rogen  gas supply, the in t e r f e romete r  has  been modulated 
a t  f requencies  from about 250 KHz t o  over  40 MHz. N o  h igher  
f requencies  w e r e  at tempted because o f  the f a l l o f f  i n  t h e  
oscilloscope (Tektronix 547) response above 50 MHz. The re- 
s u l t s  are p l o t t e d  i n  Fig. 44, along with r e s u l t s  o f  a previous 
frequency c a l i b r a t i o n  of another  laser in te r fe rometer .  It i s  
seen t h a t  t h e  in t e r f e romete r  i n  p re sen t  use s e e m s  q u i t e  capa- 
ble of  following t h e  h igh  frequency f r i n g i n g  expected f r o m  t h e  
e l e c t r o n  d e n s i t y  changes i n  t h e  pinch, and indeed may be 
supe r io r  t o  t h e  ear l ier  device a t  very high frequencies .  This  
i s  i n d i c a t i v e  of  t h e  d i f f e r e n c e  between t h e  Q of  t h e  earlier 
and present  e x t e r n a l  c a v i t y  conf igura t ions .  
A s  a f irst  a p p l i c a t i o n  of  t h e  equipment descr ibed  
above, t h e  pinch discharge has  been probed a t  three rad ia l  
p o s i t i o n s  (2.06 cm,  2.86 c m ,  and 5.63 c m )  and a t  var ious  
i n i t i a l  argon p res su res  (50 )I# 100 t-2, 150 p, 200 p ,  300 p8 
500 p, and 750 p). 
argon pressure  of 150 p, it w a s  found t h a t  of  t he  13 i n t e r -  
ferograms taken  s i x  exh ib i t ed  a f a i r  degree of  s i m i l a r i t y  t o  
each o the r ,  t o  the e x t e n t  of the temporal p o s i t i o n s  of  t h e  
f r i n g e  peaks r e l a t i v e  t o  each o t h e r  and t o  d ischarge  i n i t i -  
a t i on .  W i t h  r e f e rence  t o  Fig. 45, f r i n g i n g  is  seen t o  begin 
a t  an average of 3.6 psec af ter  electrical  breakdown and goes 
through approximately one s l o w  cyc le  l a s t i n g  about 1.8 psec. 
A t  5.4 psec a very sharp  peak occurs corresponding t o  a very 
s t e e p  e l e c t r o n  d e n s i t y  grad ien t .  Another sharp  peak occurs 
a t  6.7 psec, the two peaks being separa ted  by one broad 
cyc le  l a s t i n g  1.3 psec. 
A t  t h e  r a d i u s  of 5.63 c m ,  wi th  an  i n i t i a l  
Because of  t h e  mul t ip l e  c u r r e n t  s h e e t s  produced i n  
t h i s  p a r t i c u l a r  pinch device,  and because t h e r e  i s  t h e  ambi- 
g u i t y  t h a t  a f r i n g e  can be caused by e i t h e r  a p o s i t i v e  or 
negat ive e l e c t r o n  d e n s i t y  grad ien t ,  the i n t e r p r e t a t i o n  of  t h e  
interferograms i s  d i f f i c u l t  and ques t ionable  beyond a c e r t a i n  
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point .  
i n t e r f e romete r  , 
t h e  i n t e r f e r e n c e  p a t t e r n s  i n t o  t i m e  dependent e l e c t r o n  den- 
si t ies.  Up t o  t h e  first sharp  f r i n g e  peak, i n t e r p r e t a t i o n  
i s  s t ra ightforward-- the i n i t i a l  s l o w  f r i n g e  cyc le  must  c l e a r l y  
correspond t o  an inc rease  i n  e l e c t r o n  d e n s i t y  a s soc ia t ed  wi th  
t h e  i n i t i a l  p o r t i o n  of  t h e  c u r r e n t  shee t .  Likewise, t h e  sharp  
peak i n d i c a t e s  a pronounced s teepening i n  t h e  d e n s i t y  p r o f i l e ,  
However, i n t e r p r e t a t i o n  of  t h e  f r i n g e  cyc le  sepa ra t ing  t h e  t w o  
sharp peaks, and t h e  second sharp  peak i t s e l f  i s  somewhat am- 
biguous, On t h e  basis of r e s u l t s  found i n  Ref. 50, one may 
conjec ture  t h a t  t h e s e  t w o  f e a t u r e s  r ep resen t  t h e  at ta inment  
of  a peak i n  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  followed by a sudden 
f a l l o f f  i n  dens i ty ,  r e spec t ive ly ,  i n  which case t h e  e l e c t r o n  
concent ra t ion  p r o f i l e s  corresponding t o  each of t h e  oscil lo- 
grams of Fig. 45 are as shown i n  Fig. 46. 
However, w i th  t h e  h e l p  of r e s u l t s  f r o m  a microwave 
an at tempt  has  been made t o  t r a n s l a t e  (50) 
Unambiguous i d e n t i f i c a t i o n  of r e v e r s a l s  of laser out- 
put  i n t e n s i t y  now remains t h e  major d i f f i c u l t y .  Two tech-  
niques may be considered: 
l i g h t  produced by a laser i n  which the atomic t r a n s i t i o n s  
g iv ing  rise t o  t h e  d i s t i n c t  wavelengths do not have a common 
upper energy l eve l :  and 2) t h e  a p p l i c a t i o n  of mechanically 
induced, high frequency modulation of t h e  in t e r f e romete r  wi th  
a r o t a t i n g  mirror or o t h e r  device.  
1 
1) t h e  use of t w o  wavelengths of 
The two-wavelength technique c a p i t a l i z e s  on the  fact 
t h a t  t h e  f r i n g i n g  frequency i s  p ropor t iona l  t o  t h e  wavelength 
of t h e  laser l i g h t .  Simultaneous monitoring of t h e  i n t e r -  
ference occurr ing  a t  t h e  t w o  wavelengths would permit unique 
assignment of  e l e c t r o n  d e n s i t y  g rad ien t  s ign ,  provided t h e  
wavelength d i f f e r e n c e  i s  great enough t o  d i s p l a c e  t h e  t w o  
corresponding maxima a measureable amount. 
The mechanical modulation technique e s s e n t i a l l y  con- 
sists i n  s e t t i n g  up a c o n t r o l l e d  very high frequency (>  100 MHz) 
" c a r r i e r "  f r i n g e  sequence which i s  then  frequency modulated by 
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u 
t h e  changing r e f r a c t i v i t y  of t h e  plasma. Knowing beforehand 
i n  which d i r e c t i o n  t h e  mechanical modulation i s  changing t h e  
resonator  length,  one can determine t h e  s ign  of  t h e  e l e c t r o n  
d e n s i t y  g rad ien t  from t h e  frequency v a r i a t i o n s  it imposes 
upon t h e  carrier f r inges :  i.e., suppose t h e  carrier f r i n g i n g  
i s  set up by a mechanical rate of  i nc rease  i n  c a v i t y  length.  
Then, a p o s i t i v e  e l e c t r o n  d e n s i t y  grad ien t ,  which e f f e c t i v e l y  
amounts t o  a decrease of o p t i c a l  pa th  length ,  would l o w e r  t h e  
frequency of t h e  carrier. S imi la r ly ,  a negat ive d e n s i t y  gra- 
d i e n t  would increase  t h e  carrier frequency. I n  o rde r  t o  deter- 
mine t h e  magnitude of t h e  d e n s i t y  grad ien t ,  one s t i l l  r e q u i r e s  
t h e  f r i n g e  p a t t e r n  set up by it alone. This  p a t t e r n  can be 
separated from t h e  frequency modulated carrier f r i n g e  s i g n a l  
by a s u i t a b l e  de t ec to r ,  o r  may be obtained from another  d i s -  
charge a t  t h e  s a m e  condi t ions  i f  t h e r e  is good shot-to-shot 
r ep roduc ib i l i t y .  
A t  p resent ,  both of t h e  above methods are being ex- ,  
plored for poss ib l e  a p p l i c a t i o n  t o  the pinch experiment. m e n  
t h e  technique is s a t i s f a c t o r i l y  e s t ab l i shed ,  t h e  i n t e r f e r o -  
m e t e r  w i l l  be moved t o  one or more of t h e  more modern d i s -  
charge devices  where it can c o n t r i b u t e  more e f f e c t i v e l y  t o  o u r  
understanding of t h e  propuls ion-oriented plasma processes .  
t 
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V I I I .  CURRENT-VOLTAGE CHARACTERISTICS 
( D i  Capua) 
OF HIGH CURRENT DISCHARGES 
Terminal vo l tage  measurements i n  pulsed plasma accel- 
e r a t i o n  research  here  and elsewhere have convent ional ly  been 
employed t o  monitor t h e  progress ion  o f  plasma c u r r e n t s  v i a  
t h e  a s soc ia t ed  inductance changes, and t o  estimate t h e  ap- 
portionment of  input  energy t o  t h e  k i n e t i c  and thermal  modes 
of t h e  plasma. Under t y p i c a l  pulsed plasma opera t ion ,  induc- 
t i v e  p o t e n t i a l  drops normally dominate t h e  r e s i s t i v e  drops 
and some s u b t l e t y  needs be exerc ised  i n  p r e c i s e  de te rmina t ion  
of  t h e  l a t t e r .  A s  our work e n t e r s  t h e  domain of quasi-s teady 
acce le ra t ion ,  however, t h e  inductance t i m e  d e r i v a t i v e  d i s -  
appears,  l eav ing  t h e  plasma r e s i s t a n c e  and t h e  motional i m -  
pedance of gas streaming ac ross  f ixed  f i e l d s  as t h e  only  c o m -  
ponents of t h e  real  impedance. For t h i s  reason, and because 
t h e  d e t a i l s  of t h e  e l e c t r o d e  f a l l  processes  a r e  becoming pro- 
g r e s s i v e l y  more e s s e n t i a l  t o  a b e t t e r  understanding of  a l l  
plasma acce le ra to r s ,  both pulsed and steady, more p r e c i s e  
techniques f o r  determinat ion of t h e  cur ren t -vol tage  charac- 
ter is t ics  of  very high cu r ren t  d i scharges  need t o  be developed. 
One might na ive ly  assume t h a t  t h e  l i t e r a t u r e  abounds 
with d a t a  of t h i s  sor t  i n  view of  t h e  preoccupation of phys- 
ic is ts  of  a n  earlier day wi th  e lec t r ica l  d ischarge  phenomena. 
On closer study, however, such d a t a  i s  found t o  be spa r se  and 
con t r ad ic to ry  f o r  di,scharge c u r r e n t s  above 1,000 amperes o r  so, 
f o r  t h e  reason t h a t  t h e  very s a m e  motional e f f e c t s  exp lo i t ed  
i n  plasma propuls ion begin t o  obscure t h e  d e s i r e d  s t a t i c  d is -  
charge c h a r a c t e r i s t i c s  a t  t h e s e  c u r r e n t  l e v e l s .  S p e c i f i c a l l y ,  
6 t o  make a v a l i d  measurement of  arc r e s i s t a n c e  i n  t h e  lo3 - 10 
ampere range, one must t ake  ca re  t o  e l imina te  or t o  p r e c i s e l y  
eva lua te  a l l  vol tage con t r ibu t ions  a s soc ia t ed  wi th  plasma motion, 
gas entrainment,  and excess ive  arc column c o n s t r i c t i o n .  
9 1  
A s  a f i r s t  a t tempt  a t  t h i s  class of  measurement, a 
f a c i l i t y  has  been designed and cons t ruc ted  t o  d r i v e  a quasi-  
s t a t i c  cu r ren t  o f  lo4  - 10 
charge chamber. 
i s  chosen because o f  i t s  ope ra t iona l  r e p r o d u c i b i l i t y  and 
a c c e s s i b i l i t y  f o r  instrumentat ion.  Also, it i s  hoped t h a t  i t s  
te rmina l  plasma conf igura t ion ,  i.e., a s i n g l e  arc column on 
t h e  a x i s ,  w i l l  minimize the gas  inges t ion  con t r ibu t ion  t o  t h e  
vol tage  s igna tu re ,  s i n c e  t h i s  gas  must s t agna te  a t  t h e  column 
c e n t e r l i n e .  The power source, pa t t e rned  af ter  our o t h e r  
t a i lo red -pu l se  supp l i e s ,  (35,37) c o n s i s t s  of f i v e  l i n e s  of 
10 - 1 p f d  elements. Each l i n e ,  when charged t o  10 kv, i s  
capable of d e l i v e r i n g  about 20,000 amperes f o r  about 10 psec. 
These l i n e s  may e f f e c t i v e l y  be compounded i n  any series- 
p a r a l l e l  combination t o  produce c u r r e n t  pu l se s  of nominally 
20, 40, and 100 kiloamperes. Thus, t h e  vol tage  s igna tu res  
of progressing c u r r e n t  d i s t r i b u t i o n s  may be s tudied  a t  
var ious cu r ren t  amplitudes.  
5 amperes through a s u i t a b l e  d i s -  
A 5-inch diameter c y l i n d r i c a l  pinch geometry 
I 
Voltage measurements across the d ischarge  chamber are 
made both e x t e r n a l l y  and through an inner  d i v i d e r .  Externa l  
measurement of  chamber vol tage,  
P6013 probe connected t o  a t e r m i n a l  p ro t ruding  from t h e  l o w e r  
e l e c t r o d e  of  t h e  discharge chamber as shown i n  Fig. 47. The 
inner  d i v i d e r  measurement, VI , involves  a t e f l o n  in su la t ed  
brass rod placed a t  t h e  c e n t e r  of t h e  chamber i n  con tac t  w i t h  
t he  l o w e r  electrode as a l s o  shown i n  Fig. 47. Figures  48a,b,c 
shows t h e  response of the e x t e r n a l  probe Vc for t h r e e  d r i v i n g  
cu r ren t  amplitudes,  I. Figures  49a,b,c shows corresponding 
responses of the inne r  probe, VI , which r ep resen t s  only t h e  
r e s i s t i v e  component of  t h e  te rmina l  vol tage.  Figures  50a,b,c 
compares the d i f f e r e n c e  o f  e x t e r n a l  and i n t e r n a l  probe signa- . 
d I  t u r e s  (VI - Vc) with  t h e  t i m e  d e r i v a t i v e  of t o t a l  curxent,  dt . 
By a p p l i c a t i o n  of Faraday's l a w  t o  t h e  do t t ed  contour of 
Fig,  47, t h e  vol tage  d i f f e r e n c e  (VI - Vc) can be assigned t o  
t h e  t i m e  d e r i v a t i v e  of t h e  magnetic f l u x  which i s  l inked  by 
Vc , i s  obtained by a Tektronix 
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&- may be provided e i t h e r  by a t  where 
of  t h e  c u r r e n t  d i s t r i b u t i o n  wi th in  t h e  chamber. I n  Fig. SOa, 
except f o r  t h e  f i r s t  few microseconds, (VI - Vc) c l o s e l y  fo l -  
d I  l o w s  t h e  d e r i v a t i v e  of  t h e  cu r ren t ,  E, t hus  suggest ing t h a t  
t h e r e  is  l i t t l e  propagation of  t h e  c u r r e n t  d e n s i t y  p a t t e r n s  
wi th in  t h e  d ischarge  chamber a t  t h i s  l o w  cu r ren t  value. This  
i n t e r p r e t a t i o n  is confirmed by t h e  enclosed cu r ren t  p r o f i l e s  
reduced from magnetic probe records (Fig. 51) which show t h a t  
d e s p i t e  f l u c t u a t i o n s  of t o t a l  cu r ren t ,  I, i n  t h e  pulse ,  t h e  
radial  d i s t r i b u t i o n  of t h e  c u r r e n t  w i th in  t h e  chamber remains 
e s s e n t i a l l y  unchanged, wi th  75% of t h e  c u r r e n t  flowing between 
the  o u t e r  w a l l  and h a l f  rad ius .  I n  F i g -  50b, f o r  t h e  40 KA 
pulse,  t h e  vol tage d i f f e r e n c e  (VI - Vc) s h o w s  a s teady  increase  
over t h e  per iod f r o m  2 t o  10 psec although is  e s s e n t i a l l y  
ze ro  then. Af te r  10 psec the  vol tage  (VI - Vc) follows t h e  
cu r ren t  d e r i v a t i v e  more c lose ly .  This  suggests  an i n i t i a l  
per iod of cu r ren t  propagation, which i s  confirmed by t h e  pro- 
f i les  of enclosed c u r r e n t ,  ob ta ined  by magnetic probing 
(Fig. 52) .  These cu r ren t  p r o f i l e s  p rogres s ive ly  move inward 
u n t i l  a d i s t r i b u t i o n  i s  reached t h a t  remains e s s e n t i a l l y  un- 
changed u n t i l  t h e  end of  the pu l se  d e s p i t e  c u r r e n t  f l u c t u a t i o n s  
i n  t h e  l a t t e r  p o r t i o n  of  t h e  pulse .  
or by a progress ion  
The (VI - Vc) record of t h e  100 KA x 10 psec pu l se  
(Fig. 50c) i nc reases  f r o m  250 v o l t s  t o  about 400 v o l t s  during 
t h e  per iod  f r o m  1 t o  4 rsec, suggest ing a r a p i d l y  propagat ing 
cu r ren t  zone. This  r ap id  progress ion  i s  aga in  supported by 
t h e  corresponding p l o t  of  enclosed c u r r e n t  contours,  obtained 
by magnetic probing (Fig. 53). The r a t h e r  abrupt  drop of  
(VI - Vc) f r o m  about 4 t o  4.5 psec could be related t o  the 
d e c e l e r a t i o n  of t h e  c u r r e n t  shee t  during t h e  t e rmina l  phase 
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of i ts  inward r a d i a l  motion, as also d isp layed  i n  t h e  con- 
t o u r s  of Fig. 53. A f t e r  8 psec (VI - Vc) f o l l o w s  = c l o s e l y ,  
j u s t  as it does for the o t h e r  c u r r e n t  pu lses .  Figure 53 con- 
f i rms t h a t  the c u r r e n t  d i s t r i b u t i o n  remains s t a t i o n a r y  during 
t h i s  phase, 
d t  
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APPENDIX I. ELECTROMAGNETIC STRUCTURE 
(Turchi) 
OF A DYNAMIC PLASMA DISCHARGE 
An experimental  i n v e s t i g a t i o n  o f  a dynamic c u r r e n t  
shee t  i n  a plasma w a s  undertaken t o  determine i t s  s t r u c t u r e  
and t h e  phys ica l  p rocesses  involved i n  i t s  a b i l i t y  t o  accel- 
erate an ionized gas t o  high ve loc i ty .  The experiments con- 
ducted w e r e  electrical  i n  na tu re  and cons i s t ed  of simultaneous 
measurement of t h e  l o c a l  magnetic and electric f i e l d s  p re sen t  
i n  t h e  ionized gas  as a func t ion  of t i m e  f o r  var ious  p o s i t i o n s .  
The measurements w e r e  ther, used t o  c a l c u l a t e  t h e  local c u r r e n t  
d e n s i t y  and t o  i n f e r  s o m e  of t h e  physics  involved. 
The p a r t i c u l a r  device i n  which experiments w e r e  per- 
formed c o n s i s t s  of  an 8-inch diameter d ischarge  chamber wi th  
a 2-inch i n t e r e l e c t r o d e  gap. T h e  chamber w a s  f i l l e d  i n i t i a l l y  
with argon a t  100 p pressure  and then  connected, by a gas- 
t r i g g e r e d  switch,  t o  a d i s t r i b u t e d  l i n e  of c a p a c i t o r s  charged 
t o  10 k i l o v o l t s .  (37) 
periments w a s  a backwards sawtooth p u l s e ,  which rose t o  415,000 
amperes i n  0.9 psec, then  l i n e a r l y  decreased f o r  2 psec, pass- 
ing through ze ro  a f t e r  about 4 psec. 
from the  magnetic probe which w a s  very sharp  and in tense ,  and 
w a s  reproducible  t o  50 nanoseconds. 
The c u r r e n t  waveform used i n  t h e s e  ex- 
This  provided a s i g n a l  
The t i m e  ra te  of change of t h e  magnetic f i e l d  a t  each 
po in t  w a s  measured wi th  a magnetic probe of t h e  usua l  design. 
These records  w e r e  then  g r a p h i c a l l y  i n t e g r a t e d  t o  o b t a i n  t h e  
local magnetic f i e l d .  The probe employed cons i s t ed  of a 1 mm 
diameter, 4-turn c o i l  encased i n  epoxy and supported i n  a 
3/16-inch diameter nylon tube.  
about 3 mm a t  t h e  c o i l  p o s i t i o n ,  The nylon support  w a s  curved 
near t h e  c o i l  end so t h a t  any d is turbance  due t o  t h e  support  
would be downstream of t h e  measuring pos i t i on .  
The o v e r a l l  t i p  diameter w a s  
The electric f i e l d  a t  each p o s i t i o n  w a s  obtained 
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by t h e  use of  a c o a x i a l  double- t ip  electric probe. (42) 
ax ia l  electric f i e l d  w a s  measured us ing  a probe encased i n  a 
3/16-inch diameter Pyrex tube.  
duc tor  a t  t h e  measuring surface w a s  2.5 mm and t h e  electrode 
sepa ra t ion  w a s  2 mm. I n  t h e  case of t h e  r a d i a l  electric f i e l d  
measurement, t h e  probe w a s  encased i n  a nylon tube,  s i n c e  t h e  
probe extended through t h e  c e n t e r  o f  t h e  d ischarge  chamber 
and, i f  made of  Pyrex, would s h a t t e r  when t h e  plasma pinched 
The 
The diameter of t h e  o u t e r  con- 
a t  t h e  cen te r .  The r a d i a l  electric probe had an e l e c t r o d e  
Separat ion o f  1.85 mm and t h e  diameter o f  t h e  o u t e r  e l e c t r o d e  
w a s  2.5 mm. 
The l a r g e s t  error involved i n  t h e  probe work performed 
i n  t h e s e  experiments r e s u l t s  f r o m  the des ign  c r i te r ia  of t h e  
r a d i a l  electric probe. To o b t a i n  f i n e  s p a t i a l  r e s o l u t i o n ,  w e  
would want t h e  e l e c t r o d e  sepa ra t ion  t o  be as s m a l l  as poss ib l e .  
However, t o  i n su re  t h a t  t h e  s i g n a l  l e v e l  would be reasonably 
above t h a t  of  t h e  electromagnet ic  noise ,  t h e  e l e c t r o d e  separa- 
t i o n  and e l e c t r o d e  su r face  a r e a s  must be l a r g e  enough t o  draw 
a cu r ren t  from t h e  plasma s u f f i c i e n t  t o  d r i v e  t h e  probe cir-  
c u i t .  When these c o n s t r a i n t s  w e r e  resolved along wi th  f a b r i -  
c a t i o n  problems, t h e  r e s u l t i n g  probe allowed a s p a t i a l  (or 
temporal) u n c e r t a i n t y  of about 25%. 
I 
The electric and magnetic f i e l d s  a t  t h e  midplane o f  
t h e  d ischarge  chamber w e r e  measured as func t ions  of  t i m e  f o r  
r a d i a l  p o s i t i o n s  f r o m  r = 3-1/2" t o  r = 1-1/2". P l o t s  of  6, 
r a d i a l  electric f i e l d ,  Er , and a x i a l  electric f i e l d ,  
funct ions of  t i m e  a t  a t y p i c a l  radial  p o s i t i o n  (r = 2-1/2") 
are shown i n  Fig. 54a,b,c. These p l o t s  r ep resen t  measurements 
taken i n  s e v e r a l  experimental  runs. The r e p r o d u c i b i l i t y  of 
t h e  measurements w a s  q u i t e  good, wi th  less than  5% d e v i a t i o n  
between records ( a f t e r  adjustments w e r e  made i n  t h e  t i m e  scales 
t o  t a k e  account of t h e  50 nanosecond scatter i n  t h e  a r r i v a l  
t i m e s  of  e s s e n t i a l  i d e n t i c a l  p r o f i l e s )  . 
as 
EZ 
W e  obtained t h e  v e l o c i t y  of t h e  c u r r e n t  s h e e t  p r o f i l e  
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f r o m  t h e  a r r i v a l  t i m e s  of t h e  peak of  
r a d i a l  p o s i t i o n s  by success ive  l i n e a r  
the 6 p r o f i l e  a t  var ious  
approximations. The 
shee t  v e l o c i t y  w a s  about 36,000 meters/second and w a s  cons t an t  
t o  wi th  20% over t h e  range of i n t e r e s t  ( i ts  v a r i a t i o n ,  however, 
w a s  considered i n  our  c a l c u l a t i o n s ) .  It has  been assumed t h a t  
t h e  v e l o c i t y  obtained from t h e  t r a j e c t o r y  of t h e  6 peak i s  
r e p r e s e n t a t i v e  of the v e l o c i t y  of t h e  other p r o f i l e s  t h a t  prop- 
aga te  inward w i t h  t h e  6 peak, and t h a t  t h i s  phase v e l o c i t y  is 
approximately cons tan t  throughout a p r o f i l e  ( t h i s  i s  t r u e  t o  
wi th in  about 7%). W e  w e r e  then  able t o  t ransform from o u r  
p l o t s  of electrical  measurements as func t ions  of t i m e  f o r  var- 
ious  pos i t i ons ,  t o  p l o t s  of  t h e s e  q u a n t i t i e s  as func t ions  of 
r a d i a l  p o s i t i o n  a t  var ious t i m e s  (see Figs ,  55a,b). 
The magnetic f i e l d ,  obtained from t h e  B vs. t p l o t s ,  
i s  shown f o r  var ious t i m e s  i n  Fig. 56a. With our  knowledge 
of the magnetic f i e l d  a t  a po in t ,  we may compute t h e  f r a c t i o n  
of the t o t a l  c u r r e n t  through the d ischarge  which passes  in- 
t e r i o r  t o  t h a t  po in t .  Then, by assuming t h a t  t h e  r a t e  of ’ 
change of enclosed cu r ren t  i s  p ropor t iona l  t o  the enclosed 
c u r r e n t ,  (a f i r s t  o rder  approximat ion  tn t h e  s m a l l  correct ion  
t e r m  requi red)  w e  may c a l c u l a t e  t h a t  p a r t  of  t h e  6 s i g n a l  
which i s  due t o  changes i n  t h e  t o t a l  c u r r e n t  l e v e l .  Sub- 
t r a c t i n g  t h i s  from the  measured 6 s i g n a l ,  we  o b t a i n  t h e  con- 
t r i b u t i o n  t o  i by t h e  convection of a c u r r e n t  d e n s i t y  p r o f i l e  
p a s t  the  po in t  of  measurement, From t h i s ,  we  determine t h e  
a x i a l  cu r ren t  dens i ty ,  jz , a t  t h a t  p o i n t .  
radial  p o s i t i o n  f o r  var ious t i m e s  are shown i n  Fig,  56b. 
P l o t s  of  jz versus 
Before launching i n t o  a d e t a i l e d  d i scuss ion  o f  t h e  
impl ica t ions  of our  measurements, we should cons ider  t h e  
t h e o r e t i c a l  bases for such development, There are e s s e n t i a l l y  
t w o  approaches t o  t h e  problem a t  hand: 1) o r b i t  theory,  and 
2) magnetogasdynamics (MGD) coupled wi th  t h e  Boltzmann equation. 
The first of t h e s e  i s  inapp l i cab le  t o  our  s i t u a t i o n  f o r  t w o  
reasons: a) t h e  electron cyc lo t ron  r a d i u s  is much larger than  
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t h e  Debye length ;  t h e r e f o r e  , t h e  e l e c t r o n s  are c o l l i s i o n a l l y  
coupled t o  t h e  e l e c t r o n  f l u i d  throughout t h e i r  "orbit" and 
it is  best t o  avoid the naive p i c t u r e  of  e l e c t r o n s  cons t ra ined  
by the  magnetic f ie ld  l i n e s .  b) The ion  gyroradius  i s  com-  
p a t i b l e  t o  t h e  dimensions of the c u r r e n t  shee t  and t h e r e f o r e  
t h e  magnetic f i e l d  changes s i g n i f i c a n t l y  over t h e  gyroradius.  
Magnetogasdynamics s u f f e r s  from a somewhat s u b t l e r  
problem i n  our s i t u a t i o n .  Although t h e  e l e c t r o n  f l u i d  i s  
well-described, t h e  ion  f l u i d  is  s u b j e c t  t o  a n i s o t r o p i e s  i n  
v e l o c i t y  d i s t r i b u t i o n  s i n c e  t h e  magnetic f i e l d  may change 
s i g n i f i c a n t l y  over  a mean f r e e  path.  This  r e s u l t s  i n  an  in- 
correct d e s c r i p t i o n  of t h e  force  on t h e  ion  f l u i d .  (For i n -  
s tance,  i f  t h e  magnetic f i e l d  g rad ien t  is  high enough, the 
i o n s  can develop a d r i f t  ve loc i ty ,  even i f  t h e  mean v e l o c i t y  
and thus  t h e  Lorentz fo rce  d e n s i t y  is i n i t i a l l y  zero,) 
Both of t h e  above t h e o r e t i c a l  l i m i t a t i o n s  i n  our  work 
are e s s e n t i a l l y  due t o  t h e  f a c t  t h a t  t h e  ion  gyroradius  i s  
comparable t o  c u r r e n t  shee t  dimensions. Indeed, it may w e l l  
be t h a t  t h e  dimensions of t h e  cu r ren t  sheet and, t h u s ,  t h e  
cu r ren t  conduction process  are determined by t h e  nonl inear  
ion  t r a j e c t o r y  i n  t h e  electromagnet ic  f i e l d s .  I f  t h i s  i s  t h e  
case, t h e  approximations accepted when u t i l i z i n g  t h e  above 
t h e o r i e s  preclude a proper  d e s c r i p t i o n  of  t h e  phys ics  of t h e  
cu r ren t  shee t .  
I n  order  t o  proceed toward some understanding of  t h e  
phys ica l  processes  involved i n  t h e  dynamic plasma discharge,  
w e  s h a l l  use t h e  magnetogasdynamic formulation, accept ing  a l l  
i t s  i m p l i c i t  assumptions (of p a r t i c u l a r  s ign i f i cance ,  is t h e  
assumption of an i s o t r o p i c  ion  v e l o c i t y  d i s t r i b u t i o n  over  t h e  
dimensions of t h e  cu r ren t  s h e e t ) .  W e  s tar t  w i t h  a genera l ized  
Ohm's l a w  for t h e  plasma: (A-9) 
N e  e 
VP 
' 0  
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- where oo - 
J =  e i  
E =  
a* 
- 
'e 
N =  e 
W e  have 
c i e n t l y  
types.  
c u r r e n t  
Jr 
Jz 
where 
= scalar conduc t iv i ty  e m v  e e i  
e lec t ron- ion  c o l l i s i o n  frequency (for  momentum 
t r a n s p o r t  1 
electric f i e l d  measured by an observer  moving 
wi th  t h e  mass-averaged v e l o c i t y  of t h e  f l o w  = 
E + q x B  
electric f i e l d  measured i n  t h e  lab 
mass-averaged v e l o c i t y  of t h e  flow r e l a t i v e  
t o  t h e  lab 
e l e c t r o n  p res su re  
e l e c t r o n  number d e n s i t y  
A - b A  
f u r t h e r  assumed t h a t  the i o n i z a t i o n  l e v e l  i s  s u f f i -  
h igh t h a t  coulomb c o l l i s i o n s  dominate over a l l  o t h e r  
W e  may so lve  t h i s  equat ion f o r  t h e  components of  t h e  
A A 2 dens i ty :  ( j  = j r  r + j z  k) 
I 
(3 )  e d z  
- (Er* + n E=*) + - [ % + a -  ap  
1 + n2 Nee 
- a0 E * - Er*) + - 
Z N e  1 + a2 e 
= H a l l  parameter f o r  e l ec t rons .  W e  fur-  w e B  
e i  meZlei 
- - -  
- c p  - 
t h e r  s impl i fy  t h e s e  equat ions by neg lec t ing  the e l e c t r o n  pres- 
su re  g rad ien t  t e r m s  (it can be shown t h a t  i f  the  "magnetic 
pressure"  i s  much greater than  t h e  e l e c t r o n  pressure ,  t h e  
radial  g rad ien t  t e r m  may be neglected.  W e  drop t h e  a x i a l  
p re s su re  g rad ien t  t e r m  i n  t h a t  we  expect it t o  be of import- 
ance only near  t h e  e l e c t r o d e s ) .  
From experiment, we have t h a t ,  i n  t h e  midplane, j r  is  
much smaller than  jz,  
we may set j equal  t o  zero.  This  i s  a very important s t e p  
Then, t o  wi th in  experimental  accuracy, 
r 
109 
i n  t h a t  it p r e s c r i b e s  a p a r t i c u l a r  s t r u c t u r e  f o r  the c u r r e n t  
shee t ,  and allows u s  t o  s impl i fy  o u r  equat ions  considerably.  
W e  have now: 
and 
jz = G~ EZ* 
Thus, if we  can relate t h e  e lectr ic  f i e l d s  seen i n  t h e  
moving coordinate  system t o  those  measured i n  the labora tory ,  
we  may l e a r n  a g r e a t  d e a l  about t h e  c u r r e n t  sheet. Unfortu- 
na t e ly ,  t h i s  cannot be done by any s t r a igh t fo rward  procedure 
(using only  electromagnet ic  measurements) . 
t h a t  t h e  electric €ields seen by t h e  moving plasma depend on 
t h e  mass-averaged v e l o c i t y  of  t h e  plasma which i n  t u r n  depends 
on t h e  electric f i e l d s  seen i n  t h e  movinq system. This  s i t u -  
a t i o n  r e f l e c t s  t h e  inherent  n o n l i n e a r i t y  of t h e  phys ica l  phe- 
nomena under study. W e  s h a l l  at tempt by way of  var ious assump- 
t i o n s  t o  determine l i m i t i n g  s i t u a t i o n s  such as minimum a x i a l  
ion  ve loc i ty ,  minimum e l e c t r o n  H a l l  parameter, etc. 
The problem i s  
W e  may manipulate equat ions  (5) t o  (7)  t o  o b t a i n  t h e  
very i n t e r e s t i n g  r e s u l t  t h a t :  
r 
e B 
E 
v = -  
t h a t  is, t h e  e l e c t r o n s  t r a v e l  w i th  an a x i a l  v e l o c i t y  equal  
t o  the so-called " d r i f t  v e l o c i t y "  i n  crossed electric and mag- 
n e t i c  f i e l d s .  W e  note  t h a t  t h i s  r e s u l t  is  independent of t h e  
a x i a l  ion v e l o c i t y  as long as a very h igh  
i o n i z a t i o n  p r e v a i l s  (qz S v  and z .  S 1). 
of Er , we see t h a t  t h i s  impl ies  t h a t  t h e  
but ion  t o  t h e  axial  cu r ren t  d e n s i t y  drops 
t h e  c u r r e n t  d e n s i t y  maximum. 
i 1 
degree of s i n g l e  
From our  p r o f i l e s  
e l e c t r o n  c o n t r i -  
off  sha rp ly  near  
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Consider now t h e  s i t u a t i o n  i n  which a c o l l i s i o n l e s s  
ion. i s  acce le ra t ed  by t h e  a x i a l  electric f i e l d ,  bu t  con- 
s t r a i n e d  t o  zero  r a d i a l  motion. It may be shown then  t h a t ,  
if t h e  shee t  v e l o c i t y  is less than  t h e  " d r i f t  v e l o c i t y "  EZ/B, 
t h e  axial  v e l o c i t y  achieved by t h e  ion  w i l l  be less than  i f  we  
allowed it t o  move inward wi th  t h e  c u r r e n t  shee t .  Thus, t h e  
minimum a x i a l  v e l o c i t y  of  a c o l l i s i o n l e s s  ion  is: 
= dt (9) 
i Vimin 
A p l o t  of  vimin vs. t i s  shown i n  Fig. 57a f o r  a t y p i c a l  r a d i a l  
p o s i t i o n  (r = 2-1/2"). W e  may now o b t a i n  t h e  r e l a t i v e  ion  and 
e l e c t r o n  ( a x i a l )  c u r r e n t  d e n s i t i e s ,  by f u r t h e r  manipulation of 
our equat ions  : 
i The m i n i m u m  value of j i / je occurs f o r  v = v  imin , IS0 
This i s  shown as a func t ion  of t i m e  i n  Fig. 57b, aga in  f o r  
r = 2-1/2". N o t e  t h a t  j u s t  a f t e r  t h e  c u r r e n t  d e n s i t y  maximum 
t h e  minimum ion  c u r r e n t  d e n s i t y  becomes comparable t o  t h e  
e l e c t r o n  cu r ren t  dens i ty .  Unfortunately,  an  at tempt  t o  f i n d  
t h e  maximum a x i a l  ion  v e l o c i t y ,  i n  a s i m i l a r l y  simple way, 
f a i l s  because t h e  n o n l i n e a r i t y  of  t h e  problem r e t u r n s .  This  
s i t u a t i o n  r e s u l t s  when we  a l l o w  t h e  ion  t o  move r a d i a l l y  in- 
ward wi th  a v e l o c i t y  comparable t o  tha t  of  t h e  c u r r e n t  sheet. 
(It should aga in  be noted t h a t  t h e  t e r m  'minimum' used he re  
assumes ion-neutral  c o l l i s i o n s  are n e g l i g i b l e , )  
From t h e  same formulation, we  may o b t a i n  t h e  minimum 
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e l e c t r o n  H a l l  parameter, shown as a func t ion  of  t i m e  i n  
Fig. 57c (r = 2-1/2"), It should be noted t h a t  even i f  t h e  
e l e c t r o n  H a l l  parameter is not g r e a t e r  t han  un i ty ,  t h e  elec- 
t r o n s  w i l l  s t i l l  t r a v e l  a x i a l l y  wi th  t h e  " d r i f t  v e l o c i t y , "  
Er/'B* 
= 0 .  Observe t h a t  t h e  axial  e l e c t r o n  v e l o c i t y  obtained jr 
is  independent of  t h e  ion motion, ( I n  fact, t h e  axial  elec- 
t r o n  ve loc i ty ,  as seen from a coord ina te  system moving wi th  
the  ions,  is  formally t h e  same, Er* 
This  r e s u l t s  from ' t he  inherent  s t r u c t u r e  implied by 
B . )  / 
L e t  u s  now at tempt  t o  calculate t h e  r a d i a l  ion ve loc i ty .  
Consider, f i r s t ,  a c o l l i s i o n l e s s  ion cons t ra ined  t o  zero' a x i a l  
motion. W e  may ob ta in  i t s  r a d i a l  v e l o c i t y  simply from the  
r a d i a l  electric f i e l d  measured i n  t h e  laboratory.  W e  note  
t h a t  t h i s  w i l l  be t h e  m i n i m u m  r a d i a l  v e l o c i t y  of a c o l l i s i o n -  
less ion, s ince  a x i a l  motion i n  t h e  expected d i r e c t i o n  would 
interact with the  magnetic f i e l d  also t o  provide inward veloc- 
i t y  (again,  t h i s  i s  a l i n e a r  approach i n  t h a t  we do not aldow 
t h e  ion t o  t u r n  apprec iab ly  i n  t h e  magnetic f i e l d ) .  A p l o t  of  
t h e  r a d i a l  ve loc i ty  of such an  ion i s  shown as a funct ion of  
r a d i a l  p o s i t i o n  i n  t h e  cu r ren t  shee t  f o r  a t y p i c a l  t i m e  
( t  = 1.50 psec, corresponding t o  r = 2-1/2") i n  Fig. 58a. 
Note t h a t  t h e  f i n a l  v e l o c i t y  achieved by t h e  ion i s  about h a l f  
t h e  sheet  v e l o c i t y  . 
From o u r  previous c a l c u l a t i o n  of  t h e  minimum a x i a l  ion 
ve loc i ty ,  we may compute t h e  e f f e c t i v e  r a d i a l  electric f i e l d  
due  t o  motion i n  the magnetic f i e l d ,  v imin  B: t h i s  i s  p l o t t e d ,  
a long wi th  Er , i n  Fig. 58b, Note t h a t  i n  t h e  l a t t e r  po r t ion  
of t h e  cu r ren t  sheet ,  t h e  con t r ibu t ion  t o  t h e  rad ia l  ion accel- 
e r a t i o n  by t h e  Lorentz force  becomes comparable t o  t h a t  due t o  
t h e  r a d i a l  electric f i e l d .  A f u r t h e r  s u b s t a n t i a t i o n  of  s ig-  
n i f i c a n t  a x i a l  ion  motion may be obtained,  from equat ion  (71,  
observing t h a t ,  as t h e  r a d i a l  electric f i e l d  measured i n  t h e  
labora tory  drops o f f  a f t e r  t h e  cu r ren t  dens i ty  maximum, t h e  
induced f i e l d  viB must be important i n  o rde r  t o  maintain a 
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f i n i t e  e l e c t r o n  d e n s i t y  ( t h e  ax ia l  ion  v e l o c i t y  needed, how- 
ever,  i s  only  on t h e  o rde r  of 15% of t h e  shee t  v e l o c i t y ) .  
W e  s h a l l  now approach t h e  problem through c a l c u l a t i o n  
of t h e  r a d i a l  ion  v e l o c i t y  requi red  t o  provide a s i g n i f i c a n t  
induced e lectr ic  f i e l d  i n  t h e  a x i a l  d i r e c t i o n .  W e  have f r o m  
equat ion (6) t h a t :  
J Z  CT = -  - * - EZ + uiB 
O EZ 
Then, us ing  S p i t z e r  ' s 
(A-10) i' 
where we  have assumed t h a t  qr S6 u 
formula f o r  the r e s i s t i v i t y  of  a f u l l y  ionized gas 
( thereby  cont inuing o u r  assumption of  a high-degree of ion i -  
z a t i o n  and f u r t h e r  assuming t h a t  t h e  plasma d e n s i t y  and t e m -  
pe ra tu re  a l low such a formulation of  the r e s i s t i v i t y  t o  be 
u s e f u l ,  I n  A >>1, which i s  not r e a l l y  t r u e  i n  our  case). 
W e  have : 
I 
w i th  I n A  = 6 
then 
Z (3.92~10') jz E - -  - 
Te3'2B B 
W e  may now c a l c u l a t e  t h e  r a d i a l  i on  v e l o c i t y  i n  the c u r r e n t  
sheet f o r  var ious values  of t h e  electron temperature. From 
previous experience i n  these regimes! *' 
e l e c t r o n  temperature t o  range f r o m  about one t o  s i x  e l e c t r o n  
vo l t s .  I n  performing our c a l c u l a t i o n s ,  we f i n d  t h e  discour-  
aging r e s u l t  t h a t ,  even f o r  an e l e c t r o n  temperature as l o w  as 
1 ev, i n  the e a r l y  p o r t i o n s  o f  t h e  d ischarge ,  t h e  ion  v e l o c i t y  
we  expect t h e  
1.15 
(even w o r s e ,  t h e  mass-averaged v e l o c i t y  of t h e  ionized gas) 
i n  t h e  r a d i a l  d i r e c t i o n  i s  g r e a t e r  t han  t h e  c u r r e n t  shee t  
ve loc i ty!  Over t h e  range of  e l e c t r o n  temperatures  mentioned, 
t h e  r a d i a l  ion  v e l o c i t y  p r o f i l e  is seen t o  approximate c l o s e l y  
t h e  r a d i a l  d r i f t  ve loc i ty ,  -E /B, see Fig. 59. It i s  only  i n  
t h e  l a t t e r  p o r t i o n  of t h e  d ischarge  t h a t  we r ega in  some con- 
, f idence i n  t h e  usefu lness  of our c a l c u l a t i o n .  This  reg ion  a t  
best begins  when t h e  computed ion  v e l o c i t y  equa l s  t h e  shee t  
v e l o c i t y  (t  = FJ 1.5 psec) . 
charge, we  may a t t r i b u t e  t h e  f a i l u r e  of  t h i s  formulat ion t o  a 
l o w e r  scalar conduct iv i ty ,  due perhaps t o  t h e  t r a n s i t i o n  f r o m  
a n e u t r a l  t o  a f u l l y  ionized gas.  I f  w e  assume t h a t  t h e  elec- 
t r o n  temperature rises t o  t h e  range o f  a few e l e c t r o n  v o l t s  by 
about t = 1.5 psec, t hen  we  see t h a t  the mass-averaged r a d i a l  
flow v e l o c i t y  peaks a t  t h e  shee t  v e l o c i t y  midway through t h e  
cu r ren t  sheet and then  drops off t o  about h a l f  t h e  shee t  ve- 
l o c i t y  i n  t he  l a t t e r  p o r t i o n  of  t h e  discharge.  
I n  previous p o r t i o n s  of t h e  d i s -  
I n  summary, then,  we  have i n f e r r e d  t h e  fol lowing phys- 
i c a l  s t r u c t u r e  from o u r  e lectromagnet ic  measurements: 
a) The e l e c t r o n  c o n t r i b u t i o n  t o  t h e  cur- 
r e n t  d e n s i t y  i s  m o s t  s i g n i f i c a n t  i n  t h e  e a r l y  
p a r t  of  t h e  c u r r e n t  sheet. 
b) I n  t h e  l a t t e r  p a r t  o f  t h e  c u r r e n t  
sheet, the  cu r ren t  d e n s i t y  may be c a r r i e d  pre- 
dominantly by t h e  ions.  
c) The ion  r a d i a l  a c c e l e r a t i o n  i s  p r i -  
mar i ly  due t o  t h e  r a d i a l  electric f i e l d ,  a l -  
though, i n  t h e  l a t t e r  p a r t  of the discharge,  
Lorentz forces are s i g n i f i c a n t .  
d) The e a r l y  p o r t i o n  o f  t h e  d i scha rge ,  
i s  seen t o  be a reg ion  of t r a n s i t i o n  from a 
weakly ionized gas  t o  a f u l l y  ionized plasma. 
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e) The mass-averaged r a d i a l  f l o w  ve- 
l o c i t y  peaks a t  about t h e  shee t  v e l o c i t y  mid- 
way through t h e  c u r r e n t  shee t  and then  f a l l s  
o f f  t o  about h a l f  t h e  shee t  v e l o c i t y  i n  la ter  
p o r t i o n s  o f  t h e  discharge.  
Our phys ica l  p i c t u r e  of the.dynamic plasma discharge,  
thus ,  has  two aspects. The first i s  t h a t  of an ion iz ing ,  
e lectromagnet ic  stress wave propagat ing i n t o  a weakly ionized 
gas. The wave creates ion-electron p a i r s ,  which it then  
sepa ra t e s ,  providing a x i a l  c u r r e n t  and cont inuing t h e  propa- 
g a t i o n  of  t h e  f i e l d s .  I n  t h e  process ,  t h e  ionized gas i s  
acce le ra t ed  inward. This  a c c e l e r a t i o n  r e s u l t s  i n  t h e  second 
aspec t  of  t h e  dynamic d ischarge ;  while  some of t h e  plasma i s  
acce le ra t ed  t o  t h e  shee t  v e l o c i t y  and i s  thereby  c a r r i e d  along 
with t h e  wave, a d d i t i o n a l  plasma follows t h e  wave inward a t  a 
lesser ve loc i ty .  The discharge thus  appears as a plasma blob, 
c r ea t ed  and acce le ra t ed  by an electromagnet ic  stress wave,, and 
propagating inward with nonuniform ve loc i ty ,  
a 
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APPENDIX 11. DIAGNOSTIC TECHNIQUES FOR UNSTEADY 
PLASMAS: ABSTRACTS AND REWIEWS OF 
SELECTED PAPERS (Turchi) 
To in su re  continued .contact  wi th  work done ou t s ide  
o u r  own labora tory ,  a c o l l e c t i o n  o f  abstracts and b r i e f  re- 
views of  papers dea l ing  wi th  plasma d iagnos t i c s  w a s  compiled, 
The papers descr ibed w e r e  s e l e c t e d  on t h e  bases of :  1) t h e i r  
fundamental importance t o  plasma d i a g n o s t i c  work; 2) t h e i r  
d i scuss ion  of experimental  techniques involving very s h o r t  
t i m e  scales ( 1 psec) , high speed f l o w s  ( 10 m i s ) ,  and 
nonequilibrium and/or nonuniform plasmas, 
4 
The sources from which these  papers  w e r e  s e l e c t e d  
are : 
1, References i n  Huddlestone and Leonard, Plasma 
Diaqnost ic  Techniques, Academic P r e s s ,  New York, (1965) . 
2. "Bibliography on Magnetohydrodynamics, Plasma 1 
Physics, and Control led Thermonuclear Processes, I '  compiled 
by B, A. Spence, Avco-Everett Research Laboratory, AMP-36, 
October, 1959. 
3 .  "Physics Abs t rac ts ,  I' published by t h e  I n s t i t u t i o n  
of E lec t r ica l  and E lec t ron ic  Engineers. These monthly col- 
l e c t i o n s  of  abstracts, from over 7 5  jou rna l s ,  w e r e  scanned 
from January, 1964 through June, 1967. 
4. References from t h e  Ph,D, theses  of: F. Y. Sor- 
re l l ,  Jr,: "On t h e  Generation o f  Shock Waves i n  an Inverse  
Pinch, I' C a l i f o r n i a  I n s t i t u t e  of  Technology, Pasadena, C a l i f  
(1966) ; R. L. Burton: "S t ruc tu re  of  t h e  Current Sheet i n  a 
Pinch Discharge, " Pr ince ton  Universi ty ,  Pr inceton,  N, J. 
(1966) : W. R. E l l i s ,  Jr.: "An I n v e s t i g a t i o n  of Current Sheet 
S t r u c t u r e  i n  a Cy l ind r i ca l  %-Pinch," Pr ince ton  Univers i ty ,  
Pr inceton,  N. J., (1967) 
5. F i l e s  o f  Professor  R o b e r t  G. Jahn, Pr inceton 
Universi ty ,  Pr inceton,  N. J, 
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